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ABSTRACT

Created lakes are an end product of phosphate mining in Florida. They offer
multiple services to the industry (water storage, flood control) and local
communities (recreation, wildlife habitat) and are often connected to creeks and
wetlands, whereas they have become increasingly surrounded by rapid
urbanization in central Florida. Beginning in 1975, Florida reclamation rules set
criteria for phosphate created lakes aiming to approximate the structure of
natural lakes, and emphasizing extensive littoral zones with both emergent and
submersed vegetation.

Lake development relative to lake age and design were examined for 22
phosphate lakes representing a 40-year age trajectory, utilizing water quality and
benthic invertebrate communities from littoral and deep-water locations (Chapter
1). The relative importance of morphometry and lake age in the development of
littoral plant communities was examined using multiple vegetation surveys
throughout the year, in a separate investigation of 39 littoral locations from 13
lakes reflecting age and morphometry gradients (Chapter 2). The same littoral
locations were used to investigate benthic community composition in relation to
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emergent and submersed plant habitats (depth of 0.5 m and 1.5 m respectively),
water quality, sediment characteristics, morphometry and lake age (Chapter 3).

Phosphate lakes >5.5m deep are warm monomictic water bodies, stratifying from
April to October/November, and developing thermoclines at approximately 4 m.
Shallow lakes (<5.5 m deep) are polymictic. Phosphate lakes become eutrophic
or hypertrophic immediately after creation and remain so through time. Unlike
reservoirs, they do not go through a trophic surge, which is an initial period of
great productivity that declines as sediment nutrient storage is exhausted.
Among the 22 sampled lakes, epilimnetic physical and chemical water quality
variables (Secchi depth, chlorophyll a, turbidity, pH) did not differ along the age
trajectory. Only specific conductance declined significantly, 10-20 years after lake
creation, most probably due to bank stabilization. All water quality variables were
within the range of natural lakes in the region, and were most similar to urban
rather than suburban or rural natural lakes.

Benthic invertebrate abundance (total, Chironomidae, Oligochaeta, invertebrates
other than Chironomidae and Oligochaeta) and taxa richness displayed great
variability with lake age and did not differ among decadal lake groups at any
depths examined (1 m, deepest point). Invertebrate abundance did not differ
between littoral and deep habitats, except for lakes >10 years old, where littoral
abundance

was

greater

than

deep-water

abundace,

suggesting

faster

colonization of the littoral zone. Littoral taxa richness was greater than richness in
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deep-water, which was attributed to taxa other than Chironomidae and
Oligochaeta. Deep-water and most littoral habitats were dominated by
Chironomidae, whereas Oligochaeta were occasionally dominant in the littoral
zone. Water quality variables, organic sediment content and lake age explained
little variance in forward stepwise regression models in deep-water. Dissolved
oxygen was the variable explaining most variance of both littoral abundance and
richness.

Littoral macrophyte communities in phosphate lakes differed from natural Florida
lakes. Although most phosphate lakes developed emergent littoral zones,
submersed vegetation was absent, with few exceptions of the non-indigenous
Hydrilla verticillata. Plants clustered in groups reflecting their hydrological
designations. Frequently encountered plants classified either in the obligate
wetland plant group, characterized by Typha, and inhabiting mostly intermediateage lakes or the facultative wetland plant group, characterized by Panicum
repens. Most plants in the latter group were bimodally distributed in youngest and
oldest lakes, whereas few plants were ubiquitous. Littoral plant community
composition was determined by both lake morphology and age, but the relative
influence of these two components was not clear. Littoral plant composition was
a good predictor of lake development.

Morphometric (slope) and sediment characteristics (organic content, particle
size) did not differ between the two littoral depths examined (0.5 m and 1.5 m).
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Slope correlated moderately but significantly with lake age, and organic content
was low in all samples.

Total littoral benthic invertebrate abundance and its major component
Chironomidae, started from low values at newly created lakes and remained low
or increased unpredictably with time. Total, Chironomidae, Oligochaeta and
Gastropoda abundances did not differ between the depths of 0.5 m and 1.5 m,
whereas taxa richness and the abundance of invertebrates other than
Chironomidae, Oligochaeta, and Gastropoda was greater at the shallower depth
(0.5 m).The relative effect of lake morphology versus age on benthic invertebrate
composition was not clear. Total and Chironomidae abundance increased with
lake age at 0.5 m, and bank slope at 1.5 m. Both littoral invertebrate abundance
and richness in phosphate lakes were lower than in a natural, mesotrophic,
macrophyte-dominated lake in the region, characterized by great Oligochaeta
densities.
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INTRODUCTION
ONTOGENY AND LITTORAL STRUCTURE OF LAKES CREATED
ON PHOSPHATE MINED LANDS OF CENTRAL FLORIDA

FLORIDA LAKES

NATURAL FLORIDA LAKES
Florida lakes range in age from >44,000 years to those that are actively forming
today, and their majority are of karstic origin (Brenner et al. 1990, Crisman 1992).
Solution lakes initiate as relatively small, steep and deep sinkholes, and they
gradually fill with sediments and expand in surface, resulting in shallow lakes with
moderate bank slopes and uniform bottoms (Kindinger et al. 1999). Florida lakes
differ greatly in surface. Studies from LAKEWATCH, the most comprehensive
statewise lake survey database (including 262-275 lakes) report range of 119,808 ha, and place the mean and median at 360-473 ha and 50-70 ha
respectively (Brown et al. 2000, Backmann et al. 2002).

Florida lakes exceeding the depth of 6 m are warm monomictic, stratifying during
the warmest period (approximately March-September) and holomictic during the
1

remainder of the year (Beaver et al. 1981). Most natural Florida lakes, however,
are too shallow to meet the stratification depth requirements (mean depth
approximately 3 m, Backmann et al. 2002), and thus are polymictic, and circulate
year-long (Brenner et al. 1990, Shannon and Brezonic 1972). Still, vertical
temperature gradients can develop close the water surface and last for several
hours (Rodusky et al. 2005).

Natural Florida lakes have been surveyed extensively for water quality and
trophic state variables. In 231 lakes distributed statewide, specific conductance
ranged from 0.016-3.050 mS cm-1 (median 0.141 mS cm-1, mean 0.167 mS cm), pH from 4.1-9.8 (median 7.0, mean 6.9) and total alkanity from 0-137 mg L-1
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as CaCO3 (median 13 mg L-1, mean 24 mg L-1) over multiple years of monthly
samplings (Brown et al. 2000). Organically colored lakes are common and
classify across the trophic state spectrum (Shannon and Brezonik 1972, Brown
et al. 2000)

Florida lakes also display great range in trophic state variables from oligotrophy
to hypertrophy. Brown et al. (2000) and Bachmann et al. (2002) surveyed
numerous lakes (>200) and reported total phosphorus range of 0.001-1.043 mg
L-1 (median 0.016-0.018 mg L-1, mean 0.032-0.037 mg L-1), total nitrogen range
of 0.043-4.120 mg L-1 (median 0.664-0.690 mg L-1, mean 0.806-0.860 mg L-1),
and TN/TP range of 5-1,157 (median 35, mean 42). Florida lakes classify as
nitrogen limited when TN/TP<10, nutrient balanced when 10<TN/TP<30, and
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phosphorus limited when TN/TP>30 (Huber et al. 1982). In the same surveys,
chlorophyll a concentrations ranged from 0.001-0.260 mg L-1 (median 0.0080.009 mg L-1, mean 0.018-0.023 mg L-1) and Secchi depth varied from 0.2-8.1 m
(median 1.7 m, mean 1.9-2.0 m) (Brown et al . 2000, Bachmann et al. 2002).
According to the above mean values for chlorophyll a and total phosphorus, the
“average” Florida lake is eutrophic and phosphorus limited (Bachmann et al.
2002). In the early 1980s approximately 13% of Florida lakes were oligotrophic,
whereas 42% were mesotrophic and about 35% eutrophic (Crisman 1992).

Florida lakes frequently have emergent and submersed macrophytes. In lakes of
low nutrient levels, plants are favored over planktonic algae, because they can
access nutrient reserves in the sediments. Moreover, submersed plants thrive in
conditions of great light penetration. Shallow mesotrophic and eutrophic lakes,
however, occur in two alternative stable states, each characterized by great
resilience. They can be either macrophyte-dominated with great water
transparency, or planktonic algae-dominated with turbid water (Scheffer 1998,
Folke et al. 2004, Hoyer et al. 2005). The relationship between trophic state
indicators (total phosphorus, total nitrogen, chlorophyll a, Secchi depth) and
percent area covered (PAC) or percent volume inhabited (POV) by macrophytes
is not predictable. However, Florida lakes at the higher end of the eutrophication
spectrum predictably lack higher plants and are algae-dominated (Brown et al.
2000). In a survey of 319 Florida lakes, PAC ranged from 0-100% (median 22%,
mean 31%), and PVI also from 0-100% (median 3.5%, mean 10.7%), while
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macrophyte richness was 5-52 species (mean and median 23 species) (Brown et
al. 2000).

LAKES CREATED ON PHOSPHATE MINED LANDS
Modern Florida history and economy are closely linked with the mining of
phosphate deposits, which began in the 1880s. The mining industry started with
an initial boom, resulting in 215 mining companies by 1894. Their number
declined to about 50 by 1900, and there are currently only two operating. Besides
mining operations, economic benefits from the phosphate industry extend to
shipping, transportation and phosphate related industries. Phosphate mined in
Florida accounts for approximately 80% that used in the United States and about
25% of global consumption. Utilization of the mined product is quite diverse. The
fertilizer industry absorbs about 90% of the mined phosphate, production of
animal feed supplements utilizes about 5% and the remaining 5% is used in
numerous

products

from

soft

drinks

to

toothpaste

(www1.fipr.state.fl.us/PhosphatePrimer).

Phosphate deposits are located in several parts of Florida. Economically
mineable deposits, however, are concentrated in the central region of the state in
Polk, Hillsborough, Hardee, Manatee and DeSoto counties and the panhandle in
Hamilton, Columbia and Suwanee counties (www1.fipr.state.fl.us/). Phosphate
mining disturbs 2,000-2,400 Ha of land annually. Lacustrine, riparian and wetland
systems, either isolated or connected to waters of the state, account for 25-30%
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of the impacted land, while the remaining area is comprised of upland
hardwoods, pine, and palmetto scrub communities (Streever and Crisman 1993,
www.dep.state.fl.us/water/mines/manpho.htm).

“Matrix”, the actual mined phosphate product is a layer 3-5m thick, consists of
approximately equal parts of phosphate rock, clay and sand and is located
beneath soil overburden of about 4-9m thickness (www1.fipr.state.fl.us/). As a
result, once economically extractable phosphate is removed, mined areas consist
of bare excavated land with numerous depressional areas 6-12m deep. Initially,
there was no provision for reclamation of former mines, and several depressional
areas flooded with groundwater and became lakes. Although some of these
lakes had been very successful as recreation and fishing sites, they were
structurally different from natural lakes, which inhibited their development as fully
functional nature sites. Former mine lakes differed greatly from natural ones, due
to their distinct morphometry of extreme steep slopes, which in several cases
prevented development of macrophytes and littoral zones.

In 1975, the Florida Department of Environmental Protection introduced laws
requiring mandatory reclamation of mined lands and established rules for it. After
completion of excavation, mined sites must be reconfigured into landscapes
suitable for human use (recreational, agricultural, industrial or residential) or
nature habitats. Regulations are stricter for impacted wetlands, which must be
restored to their condition prior to mining. Chapter 62C-16 Bureau of Mine
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Reclamation-Mandatory

Mine

Reclamation

addresses

specifically

the

reclamation of phosphate mined lands, emphasizing the structure of created
lakes on mined sites. It requires littoral zone creation, and defines in great detail
both its extent as a percent of total lake area and its maximum slope.
(www.dep.state.fl.us/water/mines/manpho.htm).

More specifically Chapter 62C-16 mandates that:
“(5) Wetlands and Water Bodies. The design of artificially created wetlands and
water bodies shall be consistent with health and safety practices, maximize
beneficial contributions within local drainage patterns, provide aquatic and
wetlands wildlife habitat values, and maintain downstream water quality by
preventing nutrient uptake. Water bodies should incorporate a variety of
emergent habitats, a balance of deep and shallow water, fluctuating water level,
high ratios of shoreline length to surface area and a variety of shoreline slopes.
(a) At least 25% of the highwater surface area of each water body shall consist of
an annual zone of water fluctuation to encourage emergent and transition
zone vegetation. This area will also qualify as wetlands under the
requirements of subsection (4) above if requirements in paragraph 62C16.0051(9)(d) are met. In the event that sufficient shoreline configurations,
slopes, or water level fluctuations cannot be designed to accommodate this
requirement, this deficiency shall be met by constructing additional wetlands
adjacent to and hydrologically connected to the water body.
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(b) At least 20% of the low water surface shall consist of a zone between the
annual low water line and six feet below the annual low water line to provide
fish bedding areas and submerged vegetation zones”

Also:
“(2) Backfillling and contouring. The proposed land use after reclamation and the
types of landforms shall be those best suited to enhance the recovery of the land
into mature sites with high potential for the use desired.
(a) Slopes of any reclaimed land area shall be no steeper than four (4) feet
horizontal to one (1) foot vertical to enhance slope stabilization and provide
for the safety of the general public. For long continuous slopes, mulching,
contouring, or other techniques shall be used to enhance stabilization.”

Since the introduction of reclamation rules in 1975, sufficient time has passed to
allow for community development in restored sites, making evaluation of
suitability and effectiveness of the reclamation guidelines possible. While such
evaluations have already been performed in wetlands, both swamps (Brown et
al. 2002) and marshes (Streever and Crisman 1993, Streever et al. 1996,
Crisman et al. 1997, Erwin 1997), little is known about the function of created
phosphate lakes and their littoral zones in comparison to analogous natural ones.
Reclamation success of phosphate lakes has only been addressed once (Boody
et al. 1985), when the majority of the examined reclaimed lakes were most
probably in the initial phase of a trophic surge, commonly encountered in newly
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created lakes and reservoirs. Moreover, in this study, there was no distinction
between lakes created before and after 1975, thus not allowing for evaluation of
the functional advantages of the improved lake design mandated by the Chapter
62C-16.

QUESTIONS

1. What developmental changes do phosphate lakes undergo over time? Is
an initial phase of extreme productivity (trophic surge) observed, and if so
how long does it last? Do these lakes reach a state of stability, and if so, is
this state similar to natural lakes?

2. Do phosphate lakes develop littoral zones, and if so, is littoral structure
similar to the littoral structure of natural lakes, as intended by legislative
guidelines? What functions does the littoral zone of phosphate lakes offer,
and how do they compare with natural lake littoral functions?
3. What is the relative importance of lake age and morphometry in the
development of plant and benthic invertebrate communities?

The present study addresses some of these questions in three chapters. Chapter
1 discusses developmental changes in phosphate lakes in terms of water quality,
sediment composition, morphometry, and benthic invertebrate communities, and
compares these characteristics to natural lakes. Chapter 2 investigates
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macrophyte community composition, its similarities with natural lakes, and the
relative importance of lake age and morphometry in the development of littoral
plant communities. Chapter 3 examines benthic communities in the two littoral
areas dictated by legislation, emergent plants and submersed plants; and the
relationships among lake age, morphometry, sediment composition, water quality
and littoral benthic communities.

HYPOTHESES

ONTOGENY OF PHOSPHATE LAKES
Lake ontogeny studies long-term developmental changes in water bodies
(Brenner and Escobar 2009). The timeframe of ecosystem development
surpasses the duration of most ecological investigations and frequently the
lifespan of the investigators. Ontogeny of only few aquatic systems can be
reconstructed by past data available, or long-term monitoring studies. The time
constraint can be addressed with paleolimnological methods, or comparison of
water-bodies of different ages within a region. The objective of the latter
approach is to determine whether environmental variables change predictably as
a function of time (Brenner and Escobar 2009). Comparison among ecosystems
of different age is not confined in aquatic systems, but is also applied in terrestrial
ecosystems (Engstrom et al. 2000, Frouz and Ali 2004).
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Livingstone (1957) suggested that long-term, temporal succession of productivity
in glacial lakes displays a sigmoidal growth pattern after deglaciation, although
the logarithmic increase in biomass is controlled by climate change in the
watershed rather than the lake basin itself. Initial conditions of low productivity
and intense inorganic sedimentation are followed by a long period of
progressively increasing phytoplankton production and organic sedimentation
leading eventually to extensive littoral zone development and macrophyte
dominance of the production base as the basin fills with autochthonous and
allochthonous sediments. Under extreme conditions, the basin shallows to such
an extent that it becomes a wetland and eventually dry land. The rate of
developmental changes is defined by the equilibrium of autochthonous and
allochthonous organic matter sedimentation versus inorganic sediment (Warrick
1980, Wetzel 2001).

Subsequent investigations, however, have demonstrated that glacial lake
succession is not unidirectional as envisioned by Livingstone (1957), but reflects
oscillations in nutrient and sediment loading, and water level (Warwick 1980,
Binford et al. 1983, Mitraki et al. 2004) and/or changes in climate, vegetation,
catchment hydrology and lake morphometry (Engstrom et al. 2000, Brenner and
Escobar 2009), often with an initial trophic surge (productivity pulse) immediately
following formation.

10

Reservoirs created on lotic systems often experience an initial trophic surge
(productivity pulse) in response to release of nutrients from decaying vegetation
and soil upon flooding. The lake then becomes less productive as it reaches
equilibrium with nutrient conditions of the upstream river. Whether the lake
subsequently is oligotrophic or eutrophic ultimately reflects nutrient loading from
land use along its shoreline and watershed along with internal recycling, with
nutrient availability controlled by residence time (Wetzel 1990). Lake Kariba, a
reservoir on the Zambezi River, experienced a short-term pulse in phytoplankton
productivity immediately after filling from rapid release of nutrients of terrestrial
origin (McLachlan 1970). Floating macrophytes (Salvinia) from upstream quickly
dominated the production base, covering vast areas of this large reservoir
(Harding 1966, Marshall and Junor 1981) leading to hypolimnetic anoxia
(Harding 1966). Nine years following inundation, productivity declined to reflect
nutrient loading from upstream (Balon and Coche 1974). The length of the lower
productivity period following an initial trophic surge in Russian reservoirs in
latitudes below 50o is 6 to 10 years (Balon and Coche 1974), and is followed by a
phase where photosynthetic production reflects nutrient equilibrium in the
reservoir basin (river input and output, watershed input and internal loading).

Although reservoirs created by river damming follow the trophic surge paradigm,
less information is available about the ontogeny of reservoirs resulting from
impoundment of natural lakes. Developmental changes in these systems do not
necessarily lead to eutrophication and are controlled by complex geological,
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hydrological and biological interactions, the most important of which appear to be
shoreline development and water-level fluctuation. Lotic reservoir development is
best approximated by impounded lakes undergoing extensive water-level
fluctuations (Hall et al, 1999, Hambright et al. 2004).

Hypothesis 1
Phosphate lakes undergo an initial phase of increased water-column productivity
(trophic surge), resulting from nutrients of the lake basin and catchment erosion.
Productivity declines as nutrient availability decreases through sedimentation,
long-term storage in biota, and catchment stabilization.

LITTORAL STRUCTURE-VEGETATION COMMUNITIES
The most widely used definition of littoral zone is the vegetated part of the lake.
Vegetation includes emergent macrophytes, floating-leaved rooted plants and
submersed plants and macroalgae (Wetzel 2001). The landward littoral edge
corresponds to the highest annual water-level, while the edge in the direction of
open water is defined by the maximum depth of submersed vegetation
colonization, usually determined by water clarity (light penetration), and in deep,
clear-water lakes hydrostatic pressure (Wetzel 2001). Littoral zones are also
wetlands, because they fulfill all three criteria of wetland structure, hydric soils,
hydrophytic vegetation and wetland hydroperiod (U.S. Army Corps of Engineers
1987). Besides these elements, littoral structure includes bank morphometry,
microrganisms and animals living in the sediment, in the water or on plants.
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However, several natural Florida lakes across the trophic spectrum lack
vegetation (Bachmann et al. 2002).

Being the interface between terrestrial and aquatic ecosystems, littoral zones
have multiple functions, besides the obvious ones of primary production and
habitat diversification. Littoral zones act as filters for incoming runoff water.
Plants force incoming water to slow down, thus causing carried solids to
precipitate, while dissolved solids and nutrients become either entrapped in the
sediment or assimilated by plants and epiphytic algae (Wetzel 2001). Littoral
areas act as both sinks and sources of nutrients, as plants assimilate them, and
release them at senescence (Wetzel 2001). Littoral zones are inhabited
frequently by littoral fish, or are used by pelagic fish for part of their life cycle,
most commonly for reproduction as adults and/or predation avoidance as
juveniles (Winfield 2004, Okun et al. 2005). Birds also use littoral areas as
permanent or temporary habitat.

Emergent plants inhabit specific parts of the littoral zones according to their
hydrological demands. Desiccation tolerant plants are commonly found at the
landward edge, while plants of great water demands are located in deeper water.
The U.S. Army Corps of Engineers (1987) used plant distribution among habitats
to created five plant categories reflecting water needs. Individual plant species
were subsequently classified in these categories, and given a hydrological
designation. Hydrological designations are used widely to infer present and past
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hydrologic conditions of plant habitats, as well as, wetland delineation. The first
category is obligate wetland plants (OBL) that occur almost always (estimated
probability >99%) in wetlands. Facultative wetland plants (FACW) grow usually in
wetlands (estimated probability 67-99%), but are also found in non-wetlands
(estimated probability <33%). Facultative plants (FAC) have a similar likelihood of
occurring in wetlands (33-67%) and non-wetlands. Facultative upland plants
(FACU) are found sometimes in wetlands (estimated probability 1-33%) and
more frequently in non-wetlands (67-99%). Finally, obligate upland plants (UPL)
grow almost always in non-wetlands (estimated probability >99%) (U.S. Army
Corps of Engineers 1987).

Hypothesis 2.1
Plant community composition in phosphate lakes displays a distinctive
relationship with lake morphometry.

Hypothesis 2.2
Plant community composition in phosphate lakes displays distinctive changes
along the lake age gradient.

LITTORAL STRUCTURE-BENTHIC INVERTEBRATE COMMUNITIES
Bottom dwelling invertebrates are very diverse and include most invertebrate
phyla. Their distribution and abundance depends on colonization opportunities,
physiological limitations, food availability, competition, predation, parasitism, and
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sediment stability (Moss and Timms 1989, Tolonen et al 2001, Wetzel 2001).
Submersed macrophytes enhance the abundance of benthic invertebrates
including Chironomidae (James et al 1998, Weatherhead and James 2001,
Tarkowska-Kukuryk and Kornijow 2008, Takamura et al 2009). Among
submersed communities, those that offer the greatest structural complexity
attract greatest invertebrate numbers (Hinojosa-Garro et al. 2010, Lucena-Moya
and Duggan 2011). So, plants provide food sources, habitat, and refugia from
predation.

Benthic invertebrates are important foodweb components, because they pass
energy in higher levels, mostly fish and birds (Jeppesen et al. 1997, Wetzel
2001). Although fish rely heavily on benthivory and are critical in shaping
invertebrate communities (Schilling et al. 2009), invertebrate predators account
for at least half of benthic biomass consumed by predators (Wetzel 2001). In
phosphate lakes, benthic invertebrates are also important for sustaining
recreationally important fish populations.

Feeding habits of benthic invertebrates are diverse resulting in complex
foodwebs. Most Oligochaeta worms burrow in the sediment head first, but leave
their ends in the water with the purpose of stirring and bringing oxygen to the
gills. Oligochaeta digest sediment particles differentially, thus returning nutrients
to the water column (Wetzel 2001). Oligochaeta abundance increases with
organic matter (Takamura et al. 2009), but declines at oxygen levels <5-10%
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(Wetzel 2001). Gastropoda are scrapers and consume algae, bacteria,and
detritus from submersed surface, such as plants, sand or gravel. Few aquatic
insects complete their life cycle in the water. Most aquatic insects spend their
immature stages in the water and emerge as adults to complete their life cycle in
terrestrial environments, thus removing nutrients from the aquatic system. For
many aquatic insects, the number of generations per year increases with
decreasing latitude, resulting in multiple emergence events per year in Florida
(Wetzel 2001, Ali et al. 2008). Feeding habits are very diverse, and frequently
insect orders include families of different feeding types, such as shredders, which
reduce food particle size, collectors, scrapers, and predators (Wetzel 2001).

Hypotheses 3.1
Benthic invertebrate abundance and richness in littoral zones of phosphate lakes
increases with submersed macrophyte density. Littoral areas lacking submersed
macrophytes also lack benthic invertebrates.

Hypotheses 3.2
Benthic invertebrate abundance and richness are greater in areas of submersed
(1.5 m depth) than emergent (0.5 m depth) vegetation.
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CHAPTER 1
ONTOGENY OF LAKES CREATED ON PHOSPHATE MINED
LANDS OF CENTRAL FLORIDA

INTRODUCTION

Livingstone (1957) suggested that long-term, temporal succession of productivity
in glacial lakes displays a sigmoidal growth pattern after deglaciation, although
the logarithmic increase in biomass is controlled by climate change in the
watershed rather than the lake basin itself. Initial conditions of low productivity
and intense inorganic sedimentation are followed by a long period of
progressively increasing phytoplankton production and organic sedimentation,
leading eventually to extensive littoral zone development and macrophyte
dominance of the production base as the basin fills with autochthonous and
allochthonous sediments. Under extreme conditions, the basin shallows to such
an extent that it becomes a wetland and eventually dry land. The rate of
developmental changes is defined by the equilibrium of autochthonous and
allochthonous organic matter sedimentation versus inorganic sediment (Warrick
1980, Wetzel 2001).
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Subsequent investigations, however, have demonstrated that glacial lake
succession is not unidirectional as envisioned by Livingstone (1957), but reflects
oscillations in nutrient and sediment loading, and water-level (Warwick 1980,
Binford et al. 1983, Mitraki et al. 2004) and/or changes in climate, vegetation,
catchment hydrology and lake morphometry (Engstrom et al. 2000, Brenner and
Escobar 2009), often with an initial trophic surge (productivity pulse) immediately
following formation.

Reservoirs created on lotic systems also often experience an initial trophic surge
in response to release of nutrients from decaying vegetation and soil upon
flooding. The lake then becomes less productive as it reaches equilibrium with
nutrient conditions of the upstream river. Whether the lake subsequently is
oligotrophic or eutrophic ultimately reflects nutrient loading from land use along
its shoreline and watershed along with internal recycling, with nutrient availability
controlled by residence time (Wetzel 1990). Lake Kariba, a reservoir on the
Zambezi River, experienced a short-term pulse in phytoplankton productivity
immediately after filling, from rapid release of nutrients of terrestrial origin
(McLachlan 1970). Floating macrophytes (Salvinia) from upstream quickly
dominated the production base, covering vast areas of this large reservoir
(Harding 1966, Marshall and Junor 1981) leading to hypolimnetic anoxia
(Harding 1966). Nine years following inundation, productivity declined to reflect
nutrient loading from upstream (Balon and Coche 1974). The length of the lower
productivity period following an initial trophic surge in Russian reservoirs in
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latitudes below 50o is 6 to 10 years (Balon and Coche 1974), and is followed by a
phase where photosynthetic production reflects nutrient equilibrium in the
reservoir basin (river input and output, watershed input and internal loading).

Although reservoirs created by river damming follow the trophic surge paradigm,
less information is available about the ontogeny of reservoirs resulting from
impoundment of natural lakes. Developmental changes in these systems do not
necessarily lead to eutrophication and are controlled by complex geological,
hydrological and biological interactions, the most important of which appear to be
shoreline development and water-level fluctuation. Dammed-river reservoir
development is best approximated by impounded lakes undergoing extensive
water-level fluctuations (Hall et al, 1999, Hambright et al. 2004).

Created lakes are often important components of landscape reclamation
following surface mining, especially for coal and phosphate. Coal and lignite
mining have resulted in numerous man-made lakes in east-central USA and
Germany (Nixdorf et al. 2005). Leaching of cations and sulfuric acid from spoil
piles via rain water (King et al. 1974, Fritz and Carlson 1981) can result in pH <2
in newly formed lakes (Brugam et al. 1995, Nixdorf et al. 2005), but many lakes
gradually reach neutral pH associated with increased acid-neutralizing capacity
via precipitation of reduced sulfur salts, mainly FeS (Brugam et al. 1988). This
process is initially slow due to the acid buffering capacity of metals, such as Al,
but speeds up significantly once metals precipitate above a threshold pH of 4.5.
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Bicarbonate also becomes increasingly available above this pH, increasing the
initially low algal productivity of the lake (King et al. 1974, Fritz and Carlson
1982), provided sufficient phosphorus is available. Several studies have
documented ecosystem succession of coal-mined lakes (Nixdorf et al. 1998,
Wollmann et al 2000, Nixdorf et al. 2003, Beulker et al. 2003, Belyaeva and
Deneke 2007), but its speed is largely controlled by autochthonous organic
matter availability and its influence on anaerobic sulfate reduction (Wicks et al.
1991, Brugam et al. 1995).

Phosphate mining began in Florida in the late 1800s, with surface mining
currently disturbing approximately 2,000-2,400 ha annually in central and
northern Florida. The State of Florida implemented far reaching land reclamation
rules

in

1975

(www.dep.state.fl.us/water/mines/manpho.htm,

www1.fipr.state.fl.us/PhosphatePrimer),

whereby

created

lakes

need

to

approximate natural lakes of the region, especially regarding structure and
function of the littoral zone. In addition to requiring detailed upland configuration
and revegetation with indigenous species, Chapter 62C-16 specified that at least
25% of the high-water surface area of a lake should consist of a zone of annual
water fluctuation, at least 20% of the low-water surface area should consist of a
zone between the annual low water line and 2 m below it, and no reclaimed land
slope, including the zone of fluctuation in the lake, should exceed 25%. Since
1975, over 75,765 ha have been mined, 71% of which has already been
reclaimed according to these rules (Bureau of Mining and Minerals Regulation,
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2010). Although some reclamation was practiced, most lakes created prior to
1975 were linear pits formed as the end point of mining operations for a given
land tract.

The database on the limnology of phosphate-mined lakes in Florida is extremely
poor. The current survey assesses limnological variables during summer for a
suite of phosphate lakes representing a 40 year time gradient since creation. In
particular, select physical/chemical and morphometric variables, and benthic
invertebrates are used to assess: 1) existence and temporal extent of a trophic
surge following lake formation, 2) developmental changes and end point of
phosphate lakes in comparison with coal mined lakes and reservoirs, 3),
structure and function of lakes created on phosphate mined lands in comparison
to regional natural lakes, and 4) morphometric and water quality variables
determining benthic invertebrate assemblages in phosphate lakes.

METHODS

SITE DESCRIPTION
The phosphate mining district of central Florida extends east and southeast of
Tampa Bay into Polk, Hillsborough, Hardee, Manatee and DeSoto counties
(www1.fipr.state.fl.us/PhosphatePrimer). The 22 lakes selected for this study are
located in five different mining areas in eastern Polk and northern Hardee

26

counties (Table 1.1). Selection was based primarily on year of construction and
isolation from surficial hydrology. The resulting lakes represented gradients of
age (1-40 years old at the time of sampling), depth (2.5-9.7 m) and size (2-121
ha).

FIELD AND LAB METHODS
All lakes were sampled during the summer period from May to October in 2007
or 2008. Data were collected at two points in each lake, near the shore at a water
depth of 1 m and at the deepest point of the basin (2.5-9.7m) (Table 1.1). The
littoral sampling point was chosen randomly. The distance between the littoral
sampling point and the edge of the water was measured to establish bank slope.
At the deepest point, water samples were collected approximately 0.5 m below
the surface with a 2-L vertical Kemmerer bottle, and analyzed for chlorophyll a in
the laboratory spectrophometrically (Arar 1997). Physical water quality variables
were measured along the depth gradient with a YSI 6920V2 sonde equipped with
a water depth sensor, and temperature, pH, conductivity, dissolved oxygen
(optical), and turbidity (optical) probes. Duplicate water depth profiles were
collected at the deepest lake point and averaged for any given depth. The
deepest depth for a water column profile was determined as the depth of abrupt
turbidity increase, suggesting proximity of bottom sediment. In the few cases
lacking a turbidity signal, the deepest profile point was approximated by the
deepest depth recorded for each profile. Variables were logged every 1 second
.Surface water quality variables were calculated as the mean of all
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measurements taken within the surficial 1 m. The corresponding depth for the
mean bottom values was 0.5 m. All lakes were sampled at least once, and
approximately half were visited multiple times during the study period (Table 1.1).
Variable values collected over multiple visits were averaged to produce a single
lake value reflecting the study period.

Duplicate petit ponar grab samples of sediment were collected once from both
the littoral and deepest point in each lake. The first sample was quickly
refrigerated and subsampled (1 subsample of 2mL) for organic matter
determination by loss on ignition at 550 for 2 hr after drying for <24 hr at 105 oC
(Bengtsson and Enell 1986). The second sediment sample was sieved in situ
(500 µm) and preserved in alcohol. In the laboratory, all benthic invertebrates
were picked from the preserved sample and counted. Oligochaeta and
Chaoborus were counted, and not identified further. Chaoborus were not
included in the total abundance count and subsequent calculations, because of
their migratory feeding habit outside the benthic zone. Chironomidae were
mounted in CMC-10 medium and identified to genus (Epler 1995) using a
compound microscope 50-400x. Remaining invertebrates were identified to
genus using a dissecting microscope (8-100x) (Daigle 1991, Epler 1986,
Pescador et al. 2004, Thompson 2004).

Phosphate lake water quality (surface) was compared to natural lakes of the
phosphate region (Table 1.2). Natural lake data were obtained from the Polk
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County Water Atlas (http://www.polk.wateratlas.usf.edu/) for summer 2008,
where available, or the year closest. Polk County lakes were placed according to
human population density into three categories: urban (Bonny, Deeson, Gibson,
Hollingsworth, Hunter, Parker), suburban (Agnes, Ariana, Juliana, Lena, Little
Agnes, Tennessee), and rural (Buffum, Garfield, Gordon, McLeod, Star (Alturas),
Surveyors). Most natural lakes (15 of 18) had been sampled twice during the
targeted time. The mean of these samplings was used for calculating the values
presented in Table 1.2. Total phosphorus and nitrogen concentrations for
phosphate lakes (Tables 1.1, 1.2) were provided by The Mosaic Company (2009
unpublished data).

STATISTICAL ANALYSES
Lakes were assigned to four decadal categories of 3-11 lakes each according to
the time of their creation (Table 1.1). Means and standard deviations were
calculated for each decadal category for surface water quality variables (specific
conductance, turbidity, dissolved oxygen, chlorophyll a, Secchi disk) (Fig. 1.1),
organic matter content (Fig. 1.2), and littoral and profundal invertebrate variables
(Fig. 1.3), including total invertebrate abundance, abundance and relative
abundance of major invertebrate groups and Chironomidae subgroups and taxa
richness. The statistical program SPSS was used for all statistical procedures.
Decadal means were compared for similarity with a univariate linear model
(oneway ANOVA) at P=0.05. Levene’s statistic was used to determine
homogeneity of variances. Means with homogenous variances were compared
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with the Tukey’s test, whereas the Tamhane test was used for non-homogenous
datasets. Profundal invertebrate and organic matter decadal means were
compared to the corresponding littoral values with paired-sample t-tests at
P<0.05. Relationships between invertebrate variables and inorganic variables
were explored with forward stepwise regression. The profundal dataset was
correlated with sampling depth, lake age, profundal organic matter content, and
monthly means for Secchi, surficial chlorophyll a, bottom specific conductance
and bottom dissolved oxygen corresponding to the month of invertebrate
sampling. Littoral invertebrate variables were correlated with bank slope, lake
age, littoral organic matter content, and monthly means for Secchi and surficial
chlorophyll a, surficial conductance and surficial dissolved oxygen (Table 1.5).
The number of explanatory independent variables was chosen according to the
greatest value of the adjusted R.

Deep-water benthic invertebrate density in both phosphate and natural lakes of
Central Florida was plotted against chlorophyll a, as a surrogate for trophic state
(Fig. 1.4). Reported phosphate lake chlorophyll a concentrations corresponded to
the day of invertebrate sample collection, and missing values were substituted by
the summer stratification period mean. Invertebrate density values for natural
lakes corresponded to deep-water zones sampled during summer. When natural
lake sources (Pollman et al. 1980, Scott and Osborne 1981, Boody et al. 1985,
City of Lakeland 1989 unpublished data) did not include chlorophyll a
concentrations,

the

value

provided

by
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the

Polk

County Water

Atlas

(http://www.polk.wateratlas.usf.edu/) for the corresponding lake and month was
used.

RESULTS AND DISCUSSION

WATER QUALITY
Physical and Chemical Variables
The Central Florida phosphate region lies within the subtropics, where natural
lakes <5.5 m deep are polymictic and occasionally display temperature gradients
near the surface, while those >5.5 m deep, with limited fetch, are warm
monomictic (Beaver et al. 1981, Brenner et al. 1990). Stratification lasts from
approximately March to October/November and is very stable due to great
density differences per degree increase at high temperatures (29-32oC),
characteristic of these systems during summer (Crisman 1992, Escobar et al.
2009).

The thermocline in the studied phosphate lakes was at approximately 4 m depth
during the warmest months of the year, but was deeper (7-11m) in two natural
lakes of the region displaying considerably greater depth (zmax=23-24 m)
(Escobar et al. 2009). Thermal stratification was weak in phosphate lakes where
depths >5 m represented a small portion of total bottom area and disappeared in
late summer for some (Table 1.1).
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G
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o
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V

E
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D
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C
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U

B
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o
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A

LPC11

Longitude

Latitude

28 06' N

Code

Lake

<1971

<1971

<1971

<1971

<1971

<1971

<1971

1971-75

1965

<1971

1975-77

1980s

1980s

1987

1988

1996

1996-98

1999

2001

2005

2007

2007

18

83

7

13

16

20

5

90

16

6

21

48

36

2

121

4

17

55

91

22

4

5.5

2.4

6.0

8.8

8.4

5.8

4.9

7.0

7.8

4.6

4.7

7.5

7.1

2.5

9.7

4.0

7.4

3.3

8.0

4.4

3.0

6.2

W

P

P

S

S

P

P

P

S

P

W

W

W

P

S

P

S

P

W

P

P

P

31

25

20

17

19

12

22

9

27

25

9

17

9

19

7

20

15

24

8

9

10

2

2

2

4

4

1

2

2

2

1

4

4

3

1

4

1

6

3

1

5

6

4

0.274

0.204

0.210

0.180

0.240

0.145

0.288

0.152

0.328

0.073

0.138

0.109

0.178

0.394

0.340

0.151

0.313

0.104

0.334

0.330

0.643

0.380

9.2

10.3

8.7

8.8

10.5

8.8

8.5

6.2

11.5

6.8

8.8

10.4

8.8

7.9

12.7

8.1

11.6

7.8

8.6

10.2

7.9

9.8

Creation Area Maxim um
Littoral Sam pling Conductance
DO
Stratification
Year
(ha) Depth (m )
Slope (%)
Tim es
(m S cm -1)
(m gL-1)

8.7

9.1

8.4

9.2

9.2

8.6

8.5

7.0

9.1

8.5

9.2

9.2

8.7

9.2

7.0

8.5

8.2

9.0

8.8

7.6

8.0

pH

0.192

0.484

0.335

0.412

0.123

1.109

2.940

2.560

0.814

1.000

5.8

6.1

7.6

2.0

8.1

68

86

77

55

62

TP
TN
TN/TP* TSI*
(m gL-1)* (m gL-1)*

Table 1.1. Characteristics and water quality of phosphate lakes. Water monitoring (top 1 m of water column) was during April to October.
Water quality means are presented in bold. Stratification types are: S=stratified, W=weakly stratified, P=polymictic.

Surficial water temperature in phosphate lakes peaked between June and
September (29-32oC) and displayed little intra-lake monthly variability with the
exception of March (14-24oC). In contrast, bottom water temperatures reflected
differences in lake stratification patterns and ranged from 19-30oC (stable
stratification 19-26oC, weak stratification 22-30oC, polymictic 26-30oC) during the
stratification period. The maximum difference between surface and bottom was
12oC, and even polymictic lakes displayed a 2-3oC difference along the depth
gradient. Lowest temperatures were observed between December and early
March (surface 16-22oC,

bottom

13-19oC).

In contrast,

winter

bottom

temperatures in natural lakes (zmax=23-24 m) of the area, did not drop below
18oC (Escobar et al. 2009).

Epilimnetic dissolved oxygen (seasonal means) ranged from 80-167% saturation
during summer (April to October), but was supersaturated most of the time and
substantially greater than natural lakes (Table 1.2), thus reflecting high
phytoplankton productivity. Seasonal means for surface (top 1m) oxygen values
ranged from 6.2-12.7 mgL-1, (Table 1.1), whereas the corresponding range for
individual natural lakes of the region was 4.27-8.59 mgL-1 (Table 1.2) Phosphate
lake surficial dissolved oxygen was comparable to urban and suburban Polk
County natural lakes, whereas corresponding rural lake values were somewhat
lower

(Table

1.2).

Differences

between

surficial

and

bottom

oxygen

concentrations were small in very shallow phosphate lakes (<3 m) and increased
progressively with water column depth. Bottom seasonal means ranged from 0.1-
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7.3 mgL-1 or 1-93% saturation (stable stratification 0.2-0.5 mgL-1, 2-6%; weak
stratification 0.2-1.5 mgL-1, 3-19%; polymictic 0.1-7.3 mgL-1, 1-93%). Decadal
means for bottom dissolved oxygen displayed no significant difference among
lake age categories.

Surface water pH of phosphate lakes displayed the smallest seasonal intra-lake
variability among water quality parameters, and was mostly alkaline (range 7.09.2). Urban natural lakes of the region displayed similar pH, but rural systems
were more acidic (pH range for individual natural lakes 5.8-9.1) (Tables 1.1, 1.2).
Bottom pH in phosphate lakes ranged from 6.1-8.6. Thus developmental
trajectories in phosphate lakes differ substantially than coal mine lakes, as the
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initial phase of slowly recovering water acidity does not apply at all (Brugam et al.
1988).

Conductance varied greatly (seasonal means 0.073-0.643 mS cm-1) and was the
only physicochemical variable that displayed significant differences across lakes
of different age (Fig. 1.1). Mean decadal conductance for the youngest lakes
(0.422 mS cm-1) of the study (2000s) was significantly greater than those of older
(1990s and 1970s) lakes (means 0.189 mS cm-1 and 0.203 mS cm-1,
respectively) (Fig. 1.1). It appeared that phosphate lakes require ten to twenty
years following formation to reduce conductance to 0.300 mS cm-1, close to the
maximum values for natural lakes of the region. Conductance of lakes built after
2000 largely overlapped with the range reported for natural lakes (135.5-261.0
mS cm-1), and was most similar to suburban lakes that displayed greatest values
among the remaining categories (Table 1.2). Conductance also increased along
the depth gradient, being most pronounced in deep lakes with flocculent
sediments, whereas near bottom conductance varied from 0.088-0.646 mS cm-1
and displayed no significant difference among decades.

Trophic State Variables
Secchi disk seasonal means in phosphate lakes ranged from 0.25 to 1.33 m (Fig.
1.1) and were within the range reported for natural lakes of the region (seasonal
means 0.18-2.4 m). However, phosphate lake Secchi disk most consistently
matched urban lakes (Table 1.2). No significant differences were noted in Secchi
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disk (decadal mean 0.5-0.6 m) relative to lake age. Surficial turbidity also
displayed no significant difference among decadal means, and demonstrated a
seasonal mean range of 4.8-27.6 NTU (Fig. 1.1) that fell within the natural lake
range (1.2-41.0 NTU) (Table 1.2). As with Secchi, it matched most closely urban
lakes, but turbidity in natural urban lakes was overall greater than in phosphate
lakes (Table 1.2). Although conductance was significantly higher in lakes created
within the past ten years, and nearshore areas were often highly turbid following
major rain events, the lack of age-related differences in mean turbidity failed to
demonstrate a major influence of inorganic turbidity on Secchi transparency,
especially in recently created systems.

Chlorophyll a varied greatly with lake age (Fig. 1.1). The seasonal mean range of
8.4-216.0 mg m-3 was within the natural lake range (5.5-208.5 mg m-3) (Table
1.2). Although phosphate lakes displayed greater chlorophyll a concentrations
than rural and suburban lakes, they had considerably lower values than urban
natural lakes (Table 1.2). Total phosphorus and nitrogen data were available for
only five of the sampled phosphate lakes (Table 1.1). Total phosphorus ranged
from 0.123-0.484 mg L-1 and exceeded the natural lake range (0.019-0.307 mgL1

) (Table 1.2) Comparisons among land uses were limited by great variability, but

some phosphate lakes displayed concentrations well beyond the maximum urban
and rural values. Suburban lakes had the smallest TP concentrations (Table 1.2).
The total nitrogen range (0.81-2.94 mg L-1) for phosphate lakes was smaller than
natural lakes (0.36-5.28 mg L-1) (Tables 1.1, 1.2)
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All phosphate lakes, regardless of age, were classified as eutrophic or
hypertrophic according to the Florida trophic state index (TSI) (Huber et al. 1982)
displaying a range of 55-86 that overlapped with the corresponding natural lake
range (38-87) (Table 1.1). Mean phosphate lake TSI matched urban lakes, which
were the most eutrophic compared to suburban and rural natural lakes in the
region (Table 1.2). Based on TN/TP ratios (Table 1.1), all phosphate lakes were
considered nitrogen limited (TN/TP<10). While natural lakes of the area (Table
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1.2) displayed both phosphorus (3 lakes) and nitrogen (3 lakes) limitation, most
(8 lakes) had a balanced nutrient ratio (10<TN/TP<30) (Huber et al. 1982).
Clearly, the residual presence of phosphorus in watershed sediments
overwhelmed post-mining landscape management in determining the trophic
state of phosphate lakes.

Regardless of age and mixing regime, lakes created on phosphate mined lands
displayed ranges of individual physical and chemical variables that were
comparable to those of natural lakes of the region. As for most natural lakes of
the region, all phosphate lakes are eutrophic and hypertrophic, and several
exceed the poor water quality TSI threshold of 70 (Huber et al. 1982). Although
the closest agreement was with natural lakes in highly urbanized areas that had
strong records of cultural eutrophication (Brenner et al. 1999), there were also
many rural lakes with total phosphorus values corresponding to hypertrophic
conditions (Huber et al. 1982) (Table 1.2).

The developmental trajectory of phosphate lakes was distinctly different from
both reservoirs and coal-mine lakes. Although great productivity was established
immediately after creation, it did not decline over time to exhibit the trophic surge
commonly observed in reservoirs. The initial phase of slowly recovering low
water acidity characterizing coal-mine lakes was also absent. Instead, with the
exception of specific conductance that was significantly greater initially after lake
creation, physical and chemical parameters did not change significantly over
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time. It was clear that residual phosphorus in watershed and lake sediments is
sufficient to overwhelm any influence of lake mixing regime over lake trophic
state. While the significantly greater specific conductance initially likely reflects
loading of fine grained inorganic material from a stabilizing watershed, lack of
temporal statistical relationships for chlorophyll and Secchi, in conjuction with the
significant negative relationship between chlorophyll and Secchi depth (r=-0.617,
P=0.001), suggested that phytoplankton production was a far greater influence
over lake transparency.

BASIN MORPHOMETRY
Littoral point slope varied from 7-31% (Table 1.1). Although the greatest values
were found in lakes constructed in the 1970s, there was no significant difference
among age groups.

Similar to the slope trend, littoral sediment organic content (0.3-11.9% dry
weight) displayed no difference among lake age categories (Fig. 1.2). High
values were associated with mild slopes and littoral or floating vegetation. Some
of the low values in lakes created in the 1970s were associated with steep
slopes.

Sediment organic content at the deepest point of individual lake basins displayed
great variability (1.2-43.7% dry weight) (Fig. 1.2). Decadal means did not differ,
although the difference between the newest (2000s) and the oldest (1970s)
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categories approached significance (P=0.062). Small variability among lakes
constructed in the 1970s reflected both lake age and the commonly accepted
lake designs of the time, featuring one or multiple “deep holes”. Great variability
among the remaining lakes was partially attributed to maximum depth
differences.

Pairwise comparison between littoral and deep zones showed that sediment
organic content was greater at the latter (P<0.001), when lakes were examined
collectively. The same test applied to decadal subsets produced only one
significant difference (P<0.001) for lakes built in 1970s.
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BENTHIC INVERTEBRATES
Total Abundance
Benthic invertebrate abundance at the deepest point of each lake was poorly
related to depth (r=0.361, P=0.054). Instead, the great range of benthic
abundance observed (88-13,392 individuals m-2), reflected profound interlake
differences within individual decadal categories of lakes (Fig.1.3). Although
decadal means for deep-water invertebrate abundance did not differ significantly
(P=0.286), within decadal category variability appeared to increase from the
youngest (2000s and 1990s) (88-661 invertebrates m-2) to the oldest (1980s and
1970s) lakes (352-13,392 individuals m-2) (Fig. 1.3). Previously reported summer
deep water invertebrate density in phosphate lakes was considerably lower
(range of 0-912, mean 146 individuals m-2), which was probably attributed to the
young lake age at the time of sampling (Boody et al. 1985). Although some
exhibited extremely high benthos abundance in deep water, the overall
abundances found in phosphate lakes were comparable to natural lakes of
central Florida (Cowell et al. 1975, Brezonik et al. 1981, Cowell and Vodopich
1981, Boody et al. 1985, City of Lakeland 1989 unpublished data).

Unlike deep water assemblages, littoral benthic communities developed great
densities initially after creation and retained them thereafter. Decadal means of
littoral invertebrate abundance did not differ significantly (P=0.93), even though
great variability was evident (396-10,220 individuals m-2) within all lake age
categories (Fig. 1.3). Although not significant, lakes built in the 1970s tended to
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have the lowest minimum values for benthos (0-8,212 individuals m-2) in both this
study (Fig. 1.3) and that of Boody et al. (1985), which might reflect the fact that
lakes of the pre-reclamation period tended to have a common design.

With the exception of a suburban lake that reached 24,000 individuals m-2, littoral
invertebrate densities in natural lakes of the phosphate region overlapped with
those of created lakes (Boody et al. 1985, City of Lakeland 1989 unpublished
data). Great invertebrate density variability among natural lakes was reported by
Cowell et al. (1975) and Cowell and Vodopich (1981) for a natural lake of the
region, Lake Thonatosassa, where total invertebrate and Chironomidae
abundances in 1975-76 increased from values in 1970 that were comparable to
phosphate lakes, to levels corresponding to the highest phosphate values,
presumably as a result of a major reduction in organic loading.

Paired-sample t-tests comparisons of littoral and deep-water abundances for
individual lake categories yielded one significant relationship: Lakes of the
youngest age category (2000s) displayed greater invertebrate density in littoral
than deep habitats (P=0.04) (Fig. 1.3). Although initial colonization of deep-water
sites lagged behind littoral sites, the two assemblages quickly reach parity
through time.
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Taxa Richness
Benthic invertebrate taxa richness means in the deepest areas of phosphate
lakes ranged from 2-18 taxa and did not change significantly (P=0.34) over time
(Fig. 1.3, Table 1.3). Although the lower end of the richness range was constant
in all lake age groups (5-6 taxa, 2-5 taxa in 2000s), the upper range limit
increased progressively with lake age (7 taxa in 1990s, 18 taxa in 1970s). Littoral
taxa richness means also displayed no significant change (P=0.25) over time,
varying from 6-19 taxa and displaying great variability within all age groups (Fig.
1.3, Table 1.3). Three local natural lakes had taxa richness within the
corresponding ranges for phosphate littoral and deep sites (City of Lakeland
1989 unpublished data). Irrespective of lake age, overall comparison between
littoral and profundal sites yielded significantly greater littoral richness (P<0.05).
This trend, however, of increased littoral taxa richness was attributed to insects
other than Chironomidae, and gastropods.

Major Invertebrate Groups
The deep zone of phosphate lakes was dominated by Chironomidae (relative
abundance 33-100%) (Fig .1.3). Their density (88-13,304 individuals m-2) closely
paralleled that of total invertebrates, and decadal means displayed no significant
differences relative to lake age (P=0.35). Oligochaeta were a minor component
(0-308 individuals m-2, relative abundance 0-39%) The remaining invertebrates
displayed no discernible trend with respect to lake age in phosphate lake
assemblages.

Deep-water

ranges

for
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Chironomidae

abundance

were

comparable to those at similar depths of the natural lake Thonotosassa;
however, Oligochaeta relative abundance was greater in the latter lake,
especially in sandy habitats (Cowell et al. 1975, Cowell and Vodopich 1980).
Seasonally, summer deep habitat relative Chironomidae abundance (<50%) was
generally lower in natural lakes of central Florida than in phosphate lakes, while
Oligochaeta were more important (Brezonik et al. 1981, City of Lakeland 1989
unpublished data).

Chironomidae were a dominant element of the littoral fauna of phosphate lakes
(32-9,824 individuals m-2), and their relative abundance varied greatly (16-96%)
among lakes. Oligochaeta dominated the littoral fauna of a few lakes (0-4,009
individuals m-2, relative abundance 0-67%) (Fig. 1.3). Neither displayed any
apparent trend relative to lake age. Oligochaeta (>50% relative dominance) and
Chironomidae dominated the littoral zone of hypertrophic Lake Thonotosassa,
with densities of the latter being comparable to phosphate lakes (Cowell et al.
1975, Cowell and Vodopich 1981). The abundance of Chironomidae in the littoral
zones of other eutrophic natural lakes of the region, including urban lakes in
Lakeland, was at the lower end of the range for phosphate lakes (City of
Lakeland 1989 unpublished data, Frouz et al. 2004).

Irrespective of age, littoral habitats as a whole displayed significantly greater
abundances of Oligochaeta (P<0.05) and invertebrates other than Chironomidae
and Oligochaeta (P<0.01), whereas Chironomidae relative abundance was
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greater at the deep sites (P<0.01). Within-age-group comparisons showed that
Chironomidae quickly colonized the littoral zones of newly created (2000s)
phosphate lakes, with abundance greater in the littoral zone than deep areas
(P<0.05) (Fig. 1.3), but relative abundance means of Chironomidae, Oligochaeta
and remaining invertebrates were not significantly different between the two
habitats for the lake age groups of 2000s, 1990s and 1980s. However, relative
Chironomidae abundance was greater in the deep areas (P<0.05) of lakes built in
1970s, whereas that of invertebrates other than Chironominidae and Oligochaeta
was greater in the littoral zone (P<0.05), averaging 25% of the total invertebrate
density among the oldest lakes (1970s).

Chironomidae
Chironomini dominated deep habitats, with relative abundance (among
Chironomidae) exceeding 90% in most cases (Fig. 1.3). Tanypodinae were
present in small numbers in several lakes. Tanytarsini were found in three lakes
and were numerous only in Lake CSPC2 (zmax=2.5m, organic bottom).

The relative abundances of Chironomidae subfamilies in deep-water did not vary
significantly relative to lake age. Dominant genera for Chironomini were
Glyptotendipes, followed by Goeldichironomus, Chironomus and Polypedilum
and for Tanypodinae and Tanytarsini, were Procladius and Tanytarsus,
respectively (Table 1.3). Urban natural lakes of the area were dominated by
either Coelotanypus or Glyptotendipes (City of Lakeland 1989 unpublished data)
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and Lake Thonotosassa by Glyptotendipes and Chironomus, followed by
Polypedilum, Cladotanytarsus and Coelotanypus (Cowell et al. 1975, Cowell and
Vodopich 1981). The most notable difference between natural and phosphate
lakes was dominance by Goeldichironomus in phosphate lakes.

Chironomini also dominated Chironomidae assemblages in littoral zones.
However, their relative abundance (among Chironomidae) displayed a greater
range (15-100%) in littoral than deep water habitats, suggesting increased
importance of other chironomid groups (Fig. 1.3). Tanytarsini were present in 12
lakes

along

the

age

gradient,

and

their

relative

abundance

(among

Chironomidae) ranged from 4-79%. They were commonly found in lakes with
emergent or submerged vegetation, although they were absent from some wellvegetated lake shores. Tanypodinae were detected in 14 lakes (2-54%), but they
usually constituted <14% of relative abundance (Fig. 1.3). No Chironomidae
subgroup displayed significant trends in abundance and relative abundance
relative to lake age.

Glyptotendipes

and

Goeldichironomus,

followed

by

Polypedilum

and

Cryptochironomous were the most common littoral Chironomidae taxa along with
Tanytarsus and Procladius for Tanytarsini and Tanypodinae, respectively (Table
1.3). Major littoral taxa in natural lakes were Coelotanypus, Cryptochironomus,
Cladotanytarsus and to a lesser degree Polypedilum (City of Lakeland 1989
unpublished data). In the 1975-76 Lake Thonotosassa dataset, relative
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abundances among littoral Chironomidae subgroups were comparable to
phosphate lakes, but Tanytarsini density in 1970 was approximately an order of
magnitude smaller than Tanytarsini in phosphate lakes. Dominant littoral genera
in 1970 were Glyptotendipes, Chironomus, and Cryptochironomus, in addition to
Ceratopogonidae (Cowell et al. 1975). In 1975, littoral Chironomidae dominance
shifted to Polypedilum, Procladius, Cladotanytarsus, and Cryptochironomus. The
composition of subdominant genera also changed (Cowell and Vodopich 1981).
Thus, littoral assemblages of phosphate lakes and Lake Thonotosassa were
profoundly different. Non-dipteran insect taxa were comparable in both natural
and phosphate littoral habitats, whereas gastropods were represented by
different taxa for these lakes.

Although Chironomidae dominated deep areas of phosphate lakes, Chironomini
genera distribution was similar in both deep and littoral sites, with assemblages
dominated by Glyptotendipes, Goeldichironomus, and Polypedilum, with the
addition of Chironomus in deep sites (Table 1.3). The Chironomini taxa list was
similar between the two sites, with only one taxon being different. The dominant
Tanypodinae genus in both habitats was Procladius. Tanytarsini were common in
the littoral zone, but rare in the deepest areas.

Taxa Relationships to Lake Age
In deep areas, three of the total of six benthic invertebrate groups (Chaoboridae,
Chironomidae, Oligochaeta) were found in lakes of all ages (Table 1.3).
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Chironomini were represented by 14 taxa. Six were ubiquitous, while the
remaining eight were present only in lakes of the two older lake categories.
Tanytarsini occurred in three lakes created before 1990. Tanypodinae, especially
Procladius, occurred in all age groups, while the remaining two rare genera were
found only in the oldest lake group. Deep-water invertebrate distribution was
comparable to the natural Lake Thonotosassa with the exception of greater
Tanytarsus presence in the latter (Cowell et al. 1975). Lake Halfmoon (zmax=
8.8m), built before 1975 and characterized by stable stratification, displayed the
greatest number of rare taxa and overall richness (Table 1.3)

A total of 15 major groups were encountered at littoral sites, over twice as many
as at deep ones. Six were found in all lake age categories: four widely spread
(Ceratopogonidae, Chironomidae, Ephemeroptera, Oligochaeta) and two rarely
encountered (Trichoptera, Nematoda). Eight major groups were sparingly
dispersed in lakes over ten years old. Among 14 Chironomini genera, only five
were found in all lake categories. These coincided with the most abundant littoral
ones with the addition of Chironomus. All remaining genera were rare, appearing
in fewer than three lakes. Tanytarsini (Tanytarsus) occurred in lakes of all ages.
Likewise, Tanypodinae (Procladius) were found in all lake categories. The
remaining three Tanypodinae genera were rare and occurred only in lakes of the
two older categories (Table 1.3). Invertebrate group and genera distributions
were generally consistent with littoral sites at natural eutrophic Lake
Thonotosassa (Cowell et al. 1975).
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D, L

D

L

L

D

D, L

D

Tenoroc 4

D

L

Butterfly

L

Tenoroc 5

D

Halfmoon

D, L

D

CSPC2

D

D

Hardee2

D

HPHP4
D

Anne 2

L

HPLP2

L

D, L

Hydrilla

L

L

L

Horseshoe

Homeland

Tenoroc B

D, L

D, L

D, L

D, L

Tenoroc G

Picnic

Heron
D

Hardee 1

D

D

L

Polk

L

FGHC8

LPC11

L

HPWC1

PCHB4

Table 1.3. Taxa distribution by lake and depth (D= deep-water zone, L= littoral zone)

GENUS
Diptera pupae
Ceratopogonidae
Chaoboridae

L
Chaoborus

Chironomidae

D

D, L D, L

L
D

D

D

D

D

D

D

D

L

D, L D, L

D

D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L D, L
Apedilum

L

D

Asheum
Chironomus

D, L

D

Cladopelma

L

D

D, L D, L
D, L

D

D, L D, L

D

D

D
D

D
D

D

D

D, L

D
D

D, L

D

D

L

D

D

D, L

D

D

nrCricotopus
L

D

L

L

D, L D, L

L

Dicrotendipes

L

L

D

L

L

L

Glyptotendipes

L

Goeldichironomus

L

Parachironomus

L

Polypedilum

L

L

L

L

D

D, L

D

D

D, L

D

D, L D, L D, L

L

D, L D, L

D, L

L

D

L

D, L D, L

L

D

D

L

L

L

D, L

L

L

D, L D, L D, L
D

L

D, L

L

L

Zavreliella

D
D

D, L

D
L

D, L

D

L

L

L

D

L

L

L

L

D

D, L

L

L

L

L

D

L

L

L

L

L

L

L

D

D, L

L

L

L

L

D

L

L

L

L

D

D

L

L

D, L D, L

D, L

L

Ablabesmyia

D, L

L

D

D

L

D, L D, L

D, L

L
L

L
Callibaetis

Caenidae

Caenis

L

D, L

L

D

D

L

L

D

L

L

L

D

Coleoptera
Baetidae

L
L

Tanypus
Ephemeroptera

L

D

L

Labrundinia
Procladius

L

L

Coelotanypus

L

L

L
L

D

D, L D, L

L

Orthocladiinae

L

L

D, L D, L

D, L
D, L

Pseudochironomus

Tanypodinae

D

L

D

D, L D, L D, L D, L D, L D, L D, L
L

D
D

D

Endochironomus

Tanytarsus

D
L
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Benthic Invertebrates Versus Abiotic Variables
In deep-water areas, sediment organic content, lake age, and water quality
variables explained little variance in total benthic abundance, abundance and
relative abundance of individual invertebrate groups, and taxa richness, whereas
forward stepwise regression models were not statistically significant (Table 1.4)
In most cases, only up to 30% of total variance was explained. Total abundance
and its dominant contributor Chironomidae displayed similar variance distribution
patterns. Sampling depth was the greatest determinant, but accounted for only
about

14% of

variance. The relationships

of

relative abundances

of

Chironomidae and Oligochaeta versus lake age were inverse. Oligochaeta
density and relative abundance behaved similarly in the regression and were
negatively impacted by chlorophyll a and lake age (Table 1.4).

In contrast to the deep habitats, littoral benthic invertebrate regression models
were statistically significant with the exception of Oligochaeta relative abundance
(Table 1.5). Dissolved oxygen explained the most variance in regressions. Total
abundance was primarily associated with dissolved oxygen (35%), and
secondarily with water clarity, as noted in previous studies (Boody et al. 1985).
Conductance, which declined significantly about ten years after lake creation
(Fig. 1.1), was inversely related to both total benthos and Chironomidae
abundance. However, a community change over time, as a response to reducing
conductance, was not supported by the lake age component of the regression.
Chironomidae abundance variance was partitioned among water clarity,

51

52

53

sediment organic content, and dissolved oxygen components. Chironomidae
relative abundance variance, however, was explained primarily by oxygen and
only secondarily by organic content. The negative DO coefficient suggested a
Chironomidae relative abundance disadvantage in the presence of oxygen, while
Oligochaeta and other benthic invertebrate relative abundances responded
positively in increased DO. Both total and relative Oligochaeta abundance were
negatively related to lake age similarly to the deep water results. Abundance of
benthic invertebrates other than Chironomidae and Oligochaeta was determined
by oxygen availability, and secondarily bank slope, favoring milder slope, which
is usually associated with increased vegetation and organic content. Taxa
richness was strongly correlated with dissolved oxygen (35.4%).

The relationship between trophic status and deep-water invertebrate abundance
is summarized in Fig. 1.4. Phosphate lake invertebrate density ranges greatly
and peaks at the eutrophic level of 50-75 mg L-1 chlorophyll a (Wetzel 2001),
surpassing 10x103 individuals m-2. However, communities of hypertrophic lakes
with chlorophyll a >100 mg L-1, were characterized by <103 individuals m-2, which
corresponds to the lower end of the density range in mesotrophic/eutrophic
lakes. Elmore et al. (1984) also found that benthic invertebrate abundance was
inversely related to trophic state in three Central Florida lakes, and attributed this
to low oxygen concentrations at the sediment water interface of eutrophic lakes.
However, invertebrate density decrease in highly productive waters is also
attributed to poor habitat provided by non-compact sediments (Warwick 1980,
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Moss and Timms 1989). Most importantly, benthic invertebrate abundance at any
chlorophyll level is comparable to natural lakes. The only deviation from this
pattern is for natural lakes not reaching the extreme chlorophyll a values
occasionally encountered in phosphate lakes, which is evidently connected to
phosphate availability in the latter.
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CONCLUSIONS

Ontogenetic changes relative to autotrophic production and water quality in 22
phosphate lakes was largely absent within the first 40 years after creation. The
notion of a trophic surge as applied to reservoirs, resulting from release of
nutrients contained in the soil and vegetation of newly inundated areas, does not
apply. Although high water column productivity occurs immediately after flooding
as a consequence of substrate-derived phosphorus, the resulting eutrophic or
hypertrophic conditions remain unchanged as the phosphate lakes age. Despite
great interlake variability, water quality variables display no systematic change as
time progresses. The only exception is a reduction in conductance during the first
ten years, reflecting suspended solid settlement and possibly bank stabilization.
However, turbidity remains controlled by high phytoplankton productivity at all
times.

Although created on disturbed substrates, phosphate lakes display the same
range of water quality variables found in natural lakes of the region. However,
phosphate lakes are most comparable to urban lakes (Table 1.2), undergoing
cultural eutrophication. Similar to findings with respect to water quality, biotic
variables including benthic invertebrate density and richness, are within the
range observed in natural urban lakes, in both littoral and deep areas.
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Benthic invertebrates appear to colonize the littoral zone faster than deeper
areas of phosphate lakes, and Chironomidae are the first ones to be established.
As time progresses, however, littoral zones become enriched in Oligochaeta and
other invertebrates, which are largely absent from deep areas. Chironomini are
the greatest contributor among Chironomidae in both littoral and profundal sites,
but Tanypodinae and Tanytarsini prefer littoral areas. Other invertebrates are
controlled by oxygen concentrations and thus confined to littoral areas.
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CHAPTER 2
VEGETATION COMMUNITIES OF LAKES CREATED ON
PHOSPHATE MINED LANDS OF CENTRAL FLORIDA

INTRODUCTION

Mines of Central Florida supply about 25% of global phosphate production.
Mining operations began in the 1880s, intensified in 1960s to the current >1,200
km2 east and southeast of Tampa Bay. Formerly mined lands, although disturbed
to a depth of 9-15 m, have been successfully integrated into both rural and urban
settings, with constructed lakes being a common post reclamation feature
(http://www1.fipr.state.fl.us/PhosphatePrimer/).

The earliest phosphate lakes were known as” finger” or “pit” lakes and had great
depth, steep, almost vertical slopes and a width corresponding to the dragline
fetch from the mining equipment. Such linear, groundwater-filled final cuts of
mining operations had little resemblance to natural lakes of the region, shallow
basins averaging 3 m in depth (Bachmann et al. 2002) with richly developed
littoral zones. In a survey of 319 Florida lakes, percent area covered by
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macrophytes ranged from 0-100% (median 22%, mean 31%), and percent
volume inhabited also from 0-100% (median 3.5%, mean 10.7%), while
macrophyte richness was 5-52 species (mean and median 23 species) (Brown et
al. 2000).

Although many mining companies implemented voluntary improvements to lake
design, reclamation of phosphate mined lands became mandatory in 1975.
Subsequent statutes have added specific reclamation criteria to create lakes
more closely approximating natural systems (Florida Administrative Code 62C16, www.dep.state.fl.us/legal/rules/mine/62c-16 pdf) including creation of littoral
areas having two zones: emergent vegetation, defined as the zone of annual
water fluctuation and occupying at least 25% of the high-water surface lake area;
and submerged vegetation, defined as the area <6 feet (1.8 m) deep covering at
least 20% of the low-water surface area. Maximum slope for all reclaimed mined
lands was established at 25%, and it was recognized that littoral functions are
supported by vegetated terrestrial buffer zones extending 120 feet (36.5 m)
landward with a slope <3.3%.

Lake design has continued to evolve since 1975, reflecting the great latitude
given individual companies to propose morphology plans to meet reclamation
criteria, and development of new mining and reclamation technologies. Lakes of
great depth and volume were constructed during the 1980s, but smaller sizes
and depths were introduced in the late 1990s and early 2000s. At the same time,
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the initial design of littoral zones of various widths fringing the entire lake
margins, was replaced in many lakes created in the late 1990s wholly or in part
by shallow wetlands developed adjacent to the lake and connected with it during
high water levels. Although the number of lakes created has declined recently,
there has been increased interest in lake function within the reclaimed
landscape.

Boody et al. (1985) provided a simple listing of the vegetation communities of
phosphate lakes, but did not relate composition to lake age or design. There has
been no evaluation of the relationship between design criteria and establishment
of emergent and submersed littoral zones in phosphate lakes. The current study
investigates the development and succession of emergent and submersed plant
communities in littoral zones of phosphate lakes relative to lake age and multiple
morphometry designs.

METHODS

SITE DESCRIPTION
Phosphate lakes for this study were located east and southeast of Tampa Bay in
Polk and Hardee Counties of Central Florida. Thirteen lakes were selected from
seven mining properties to provide the widest range of basin age and design.
Lakes ranged in age from 1-40 years at the time of sampling and represented
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gradients of surface area (4-121 ha) and maximum depth (3.0-9.7 m) (Table 2.1).
Phosphate lakes usually are eutrophic or hypertrophic, phytoplankton-dominated
and nitrogen-limited as a consequence of their geologic substrate (Boody et al.
1985, Chapter 1).

VEGETATION SURVEY AND PHYSICAL/CHEMICAL VARIABLES
All lakes were visited at least three times during March 2008 to February 2010,
including at least once each during summer stratification (April to October) and
winter circulation (November to March) periods. Three littoral locations were
designated in each lake and marked with GPS. Location selection was random in
lakes with uniform littoral slope and plant communities, but included habitats with
different structural characteristics in those with non-homogeneous vegetation. All
submersed, emergent, and floating leaved plants were identified for each site.
Shoreline plants growing approximately 1 m landward from the water edge were
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also included in the survey. All plants were identified to the lowest practical
taxonomic level, usually genus or species. Presence-absence vegetation data
from all visits for each location were combined to reflect within-year seasonality
and annual water-level differences. Water temperature, specific conductance,
turbidity, pH, dissolved oxygen and chlorophyll a were measured during all lake
visits and epilimnetic values (top 1 m) were averaged annually as described in
Chapter 1.

BASIN MORPHOMETRY
Littoral slope was measured along a transect approximately perpendicular to the
shore. Distance from the shore and corresponding depth values were collected at
about 0.5 m intervals until the approximate depth of 1.5 m except where dense
bottom vegetation confined accurate measurements to shallower depths.
Reported slope was calculated as the mean slope of all points measured along
the transect.

SEDIMENT PROPERTIES
Cores (7 cm diameter x 10 cm length) were collected from each location at 0.5 m
and 1.5 m water depth and preserved frozen. Thawed homogenized cores were
subsampled and dried (105 oC, <24 hr). Organic matter content of 2mL
subsamples was determined by loss on ignition at 550oC for 2 hours (Bengtsson
and Enell 1986).
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DATA ANALYSES
Vegetation presence-absence data were classified hierarchically into plant
assemblages. In a second clustering, sampling locations and subsequently lakes
were classified into categories according to their vegetation. Clustering followed
the Ward’s method combined with Euclidean squared distance (SPSS 2011).
Means for abiotic (slope) and biotic (plant richness) variables were computed for
each location category created by vegetation clustering. Category means were
compared for similarity with a univariate linear model (one way ANOVA) at
P=0.05. Variance homogeneity was determined with the Levene’s statistic.
Differences among lake categories were determined with the Tukey’s test for
variables with homogeneous variance, and the Tamhane test for variables with
non-homogeneous variance. All analytical procedures used the SPSS statistical
software.

RESULTS AND DISCUSSION

ABIOTIC CHARACTERISTICS
Stratification Patterns
As is the case for natural Florida lakes (Beaver et al. 1981), shallow phosphate
lakes (zmax <5.5 m) are polymictic, whereas deeper lakes are warm monomictic.
Deeper phosphate lakes (zmax >5.5 m) stratify stably during the approximate
period of April to October/November and develop thermoclines at about 4 m
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depth (Chapter 1). However, surficial temperature gradients over the summer
months are common in both polymictic and monomictic phosphate lakes, as is
the case for natural lakes (Rodusky et al. 2005).

Water Quality
Despite major differences in lake age, morphometry and stratification patterns
(Table 2.1), surficial water quality variables did not vary markedly among
phosphate lakes (Table 2.2). Epilimnetic mean annual specific conductance
ranged from 0.102-1.357 mS cm-1, although values >0.631 mS cm-1 were only
found in two lakes (Wise, HPHP1) receiving clay-rich effluent from an adjacent
phosphate rock beneficiation plant, and values >0.340 mS cm-1 were confined to
the two most recently created lakes (FGHC8, LPC11). Surficial turbidity did not
follow the conductance pattern of peaking in youngest lakes, and annual means
ranged from 7.3-32.8 NTU. Surficial pH (annual means 7.6-9.1) and surficial
dissolved oxygen (annual means 8.3-11.7 mg L-1, 100.9-145.5% saturation) were
apparently controlled by high algal productivity in the upper water column, and
both declined markedly with depth.

All lakes were eutrophic or hypertrophic and most were phytoplankton
dominated, although a few (Homeland, PCHB4, FGHC8, and partially HPHP4)
possessed extensive areas of submersed macrophytes. Annual mean chlorophyll
a varied from 16.8-212.0 mg m-3, but the maximum value (Lake Wise) was an
outlier, which may be attributed to effluent received from the adjacent phosphate

68

beneficiation plant. Beneficiation plants separate phosphate rock from sand and
clay, and their effluents are rich in ion-containing clay. Annual mean Secchi
depth ranged from 25-100 cm, and values >80 cm were associated with
extensive submersed vegetation (Table 2.2).

In a concurrent survey of 22 central Florida phosphate lakes (partially
overlapping with the current data set) during the summer stratification period,
water quality variables did not vary significantly with lake age, except for a
significant decline in specific conductance 10-20 years after lake creation.
Overall, water quality and trophic status of phosphate lakes were comparable to
natural and mostly urban lakes of the region (Chapter 1).
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Basin Characteristics
Mean basin slope for individual lakes (Table 2.1) ranged from 5-27% (absolute
range 1-41%), but exceeded the legal guideline of 25% at only three sites in
three of the oldest lakes. The steepest slopes were mostly found in lakes created
prior to 1977 (Table 2.1), whereas bank slope and lake age were only moderately
correlated (r=0.496, P=0.001). Additionally, intra-lake slope variability ranged
from being the same at all three locations to substantially different, irrespective of
lake age. Slope was significantly, but weakly correlated with sediment organic
content (r=0.277, P=0.044) which was low in all samples (lake means 0.5 m:
0.42-4.74% dry weight, 1.5 m: 1.2-2.2% dry weight).

VEGETATION
Plant Composition
A total of 53 plant taxa were encountered during the study, but only five taxa
included multiple genera (Table 2.3). Floating plants were represented by four
taxa (Salvinia, Lemna, Eichhornia crassipes and Pistia stratiotes), the latter two
of which are exotics (Center for Aquatic and Invasive Plants, University of
Florida, http://plants.ifas.ufl.edu ). The only floating-leaved plant was Nelumbo
lutea. Two taxa were submersed: the invasive exotic Hydrilla verticillata and the
native Potamogeton pectinatus. Hydrilla was found throughout three lakes
(Homeland, PCHB4, and HPHP4), but dominated the littoral zone (100% volume
inhabitance for several meters from shore) at 7 of 9 locations. Potamogeton
pectinatus was encountered at all three locations of Lake FGHC8, where it nearly
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completely covered the bottom of this extremely shallow lake. Thus, despite
detailed legislative guidelines, the majority of littoral locations lacked submersed
macrophyte zones, whereas the few lakes with submersed vegetation developed
monocultures of the invasive Hydrilla verticillata.

The area of the littoral zone with emergent plants and the upland area directly
adjacent to it possessed the remaining 46 plant taxa (Table 2.3). Four native
trees were found, two designated according to the EPA wetland delineation
guidelines (U.S. Army Corps of Engineers 1987) as obligate wetland plants
(OBL) (Taxodium, Fraxinus) and two as facultative wetland plants (FACW)
(Quercus, Acer). Nine bush or small tree species were observed: four obligate
wetland plants (Salix caroliniana, Baccharis halimifolia, Ludwigia peruviana, and
Amaranthus) and five facultative plants (FAC) (Myrica cerifera, Sambucus
canadensis, Schinus terebinthifolius, Sesbania and Rubus); three of them are
exotics (L. peruviana, S. canadensis, S. terebinthifolius). Sesbania includes both
native and exotic species. The remaining 30 herbs and grasses included 12
obligate wetland plants, 5 facultative plants, 5 taxa with multiple designations,
and 8 not designated, but found mostly in upland areas (Table 2.3). At least six of
them are exotic to Florida (Panicum repens, Imperata cylindrica, Urena lobata,
and select species of Alternanthera, Lantana, and Cyperus (Center for Aquatic
and Invasive Plants, University of Florida, http://plants.ifas.ufl.edu, Tobe et al.
1998).
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Plant Assemblages
Plant distribution among sampling locations and distance/similarity between
successively clustered units was

used to cluster

plants into groups.

Consequently, plants clustered into six groups mostly with plants of similar
hydrological designations (US. Army Corps of Engineers 1987) (Fig. 2.1, Table
2.3). Four (Groups A, B, C, D) were closely related and included the least
frequently encountered plants, found at nine or fewer locations (<23% of
locations). Group A consisted of herbaceous plants mainly of great water
demand (obligate wetland plants), the most important of which were Pontederia
cordata, Juncus and Scirpus (Table 2.3). Group B also included herbaceous
plants, but most were characterized by low water requirements (facultative
wetland plants, facultative plants and obligate upland plants) (Table 2.3). The
most frequently encountered were Urena loboda, an invasive exotic of disturbed
areas (http://plants.ifas.ufl.edu), and Polygonum. Both Groups A and B provided
little information about plant community development, as they were characterized
by low relative frequency.

Group C consisted mostly of floating (Salvinia, Lemna, Eichhornia crassipes) and
small obligate wetland plants (Alternanthera, Potamogeton pectinatus) (Table
2.3), with the most frequently encountered being Eichhornia crassipes and
Poaceae sp. It should be noted that the only other floating plant of the dataset
(Pistia stratiotes) clustered in Group A instead of Group C.
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Group D, the group least related to the previous three (Fig. 2.1), consisted of
bushes and trees of various water requirements (Table 2.3). The most frequently
encountered taxon was unidentified ferns of several genera. Some Group D trees
(Quercus, Taxodium) were planted as part of reclamation requirements.

Groups E and F were the most informative. Not only did they consist of the 15
most frequently encountered plants (frequency of 10-28 locations, 26-72% of
locations) (Table 2.4), but each of them was prominently isolated in the plant
dendrogram from any other group (Fig. 2.1). Overall, clustering distance between
Groups E and F was smaller than either had with any of the remaining groups.

Group E was characterized by obligate wetland plants with great water
requirements: the emergent Typha, submersed Hydrilla verticillata and bushes
Baccharis halimifolia and Salix caroliana. These four obligate wetland plants
represented 66% of taxa in the group (Table 2.3). The most frequently
encountered plant of the group was Typha (26 locations), a potential nuisance as
a consequence of its dense growth habit. Although Typha was most frequently
paired with Baccharis halimifolia (Fig. 2.1), the most interesting association in this
group was the native Typha and exotic submersed Hydrilla verticillata. Both
display the potential to invade and dominate disturbed areas, especially on firm
sediments (Zhu et al. 2012). Among the remaining plants of Group E, the
inclusion of Mikania, a common vine that climbs rigid emergent wetland and
upland plants, was not clear.
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In contrast, Group F contained mostly facultative wetland genera and only two
obligate wetland plants (Ludwigia peruviana, Ludwigia leprocarpa) that
represented 22% of clustered taxa (Table 2.3). The most frequently encountered
facultative wetland plants in Group F, Panicum repens and Hydrocotyle
umbellata (28 and 27 locations, respectively) were also the most widely
distributed plants in the complete data set. They are both commonly found on the
shore, whereas other noted facultative wetland plants in Group F (Andropogon,
Sesbania, and Eupatorium capillifolium) usually grow farther inland. Eupatorium
capillifolium frequently forms a zone fringing wetlands and upland areas. Cyperus
and Asteraceae include species with widely ranging water requirements, which
makes them less useful in understanding the preferred habitat of Group F. It is
evident, however, that plants of Group F occupied drier habitats than those of
Group E, suggesting water availability as a possible determinant of plant
composition.

Lake Classification by Littoral Plant Communities
Littoral location clustering according to plant taxa presence-absence produced
three location categories that related to both lake age and design (Fig. 2.2).
Locations belonging in an individual lake clustered within the same category, with
only three exceptions in 39 locations. The tightest clusters were for locations
within recently constructed lakes (LPC11, FGHC8, PCHB4), while intra-lake
locations in older lakes were less so, suggesting increased variability of lake
vegetation composition with increased lake age (Fig. 2.2, Table 2.1).
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Category I (9 locations) included three lakes (FGHC8, Polk, LPC11) created after
1999. These lakes are polymictic, of moderate size (4-55 ha), and most of their
basins (>95%) is less than 3 m deep, with moderate bank slope (range 9-19%,
mean 14%) (Table 2.1). Most Category I locations displayed strong affinity for
Group F plants, characterized by facultative wet taxa (Table 2.4). Eupatorium
capillifolium (8 of 9 locations), which is characteristic of drier than average
conditions or the landward margin of littoral zones, was the most frequently
encountered. Plants of other groups were also well represented, including Typha
(Group E), which was found at same number of locations (7) as Panicum repens
from Group F (Table 2.4) and several plants of Group C, especially floating taxa
(Table 2.4). Floating plant colonization of newly created lakes suggests
increased nutrient availability from sediment release and organic matter
decomposition, a common phenomenon observed in subtropical and tropical
reservoirs, such as Lake Kariba, Zimbabwe/Zambia immediately after inundation
(Marshal and Junor 1981). Finally, PCHB4, a recently constructed, moderately
deep lake, clustered with Lake Homeland (dominated by the submersed invader
Hydrilla verticillata (Group E)) and several lakes of greater age and maximum
depth, suggesting that lake design may have a greater effect on plant
composition than lake age.

Category II (13 locations) included both lakes created before 1975 (Halfmoon,
Horseshoe, Picnic) in Tenoroc Fish Management Area and one of the first lakes
constructed under post-1975 regulations, Hardee 1. These lakes are moderately
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sized (13-48 ha) with variable bank slope (range 11-41%, mean 21%), including
the steepest slopes of the study. Only small fraction of the bottom of any basin
exceeded the minimum depth of 4.5 m required for hypolimnion formation.
Category II lakes were dominated by facultative wet plants of Group F (Table
2.4), with most frequently encountered taxa being Panicum repens (all 13
locations) Hydrocotyle spp. and Eupatorium capillifolium. Lake Homeland did not
cluster with similar aged lakes of Category II, possibly reflecting its greater depth
and dominance by the invasive macrophyte Hydrilla verticillata (Group E).

Finally, Category III (17 sites) included lakes at the Hookers Prairie mine
(HPHP4, HPHP1, HPLP2, Wise) constructed between 1988 and 1999, and a
subcategory consisted of one of the oldest (Homeland) and a recently created
lake (PCHB4), both displaying pronounced growth of the submersed plant
Hydrilla verticillata. Category III included the largest lakes of the study (16-121
ha) and displayed mild to moderate slopes (range 2-22%, mean 14%). With the
exception of moderately deep HPHP1 and PCHB4, all lakes displayed extensive
areas of deep water (>7m) favoring water column thermal stratification (Table
2.1). All locations displayed 50-100% of Group E plants (Table 2.4). The most
frequently encountered taxa were Typha, found at all 17 sites, followed by the
obligate Salix caroliniana (Fig. 2.3). Hydrilla verticillata dominated lakes
Homeland and PCHB4, but was also present in Lake HPHP4. Additionally, Group
D plants were well represented at some Category III sites (Table 2.4).
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Plant Assemblages Relative to Lake Age and Morphometry
With few exceptions, most lakes clustered into categories I-III with lakes of
similar age (Fig. 2.2). Only the most frequently encountered plants of Groups E
and F were included in an analysis of distribution changes relative to lake age
(Fig. 2.3). Obligate wetland plant Group E characterized lakes of intermediate
age (Category III), whereas Typha also grew in the youngest lakes (Category I),
and Baccharis halimifolia was ubiquitous, thus transitional to the Group F ( Fig.
2.3). The presence of Group E in the oldest lakes (Category II) was sporadic.
Few plants from the facultative wetland plant Group F were ubiquitously
distributed (Ludwigia peruviana, Hydrocotyle umbellata with the addition of
Baccharis halimifolia from Group E), whereas most Group F plants, including the
most frequently encountered Panicum repens, displayed a bimodal distribution,
occurring at the greatest frequency in the newest and oldest lakes (Categories I
and II), while being absent in Category III (Fig. 2.3).
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Plant taxa richness in newly created lakes (Category I, mean 14.56) was
significantly greater than the oldest lake Category II (mean 10.85, P=0.024), and
nearly so for Category III (mean 11.53, P=0.060). This was not surprising as
Category I sites combined plants from three different groups: C, F and E, the
latter based on broad distribution of Typha and Baccharis halimifolia (Table 2.4,
Fig. 2.3). Group C represented an early succession phase, with the presence of
floating plants likely attributed to increased nutrient availability following initial
lake inundation (Category I). Conversely, reduced plant taxa richness in
Category II was likely a morphometric control, whereby steeper slopes of these
lakes, possibly combined with pronounced water level fluctuation, hindered
littoral zone colonization, especially for obligate species. In a survey of 82 natural
Florida lakes, the annual water-level fluctuation range was 0.1-3.5 m, whereas
the mean was 1.3 m (Hoyer et al. 2005).

Although there was a general plant successional sequence with lake age, several
lakes failed to cluster with similarly aged systems, suggesting that lake design
characteristics were affecting observed relationships. Despite a 40-year
difference in age, Hydrilla verticillata-dominated lakes PCHB4 and Homeland
clustered

together,

and

subsequently

classified

with

lakes

of

similar

morphological characteristics (Category II: mild slopes, great volume) (Fig. 2.2).
Additionally, Lakes Polk and Wise were constructed in 1999 (Table 2.1), but the
former (zmax=3.3 m, 55 ha) classified with the youngest (Category I) small and
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shallow lakes, whereas the latter (zmax=9.5 m, 72 ha) clustered with the
intermediate-age lakes (Category III), with stable stratification and great volume.

Bank-littoral slope for the oldest lakes (Category II, mean 21%) approached
being significantly different from both young (Category I, mean 14%, P=0.056)
and intermediate-aged lakes (Category III, mean 14%, P=0.087). Steeper slopes
likely translated into greater annual water-level fluctuations that could possibly
account for the association of Category II lakes and facultative wetland plants of
Group F.

Hydrological conditions would be expected to be affected by both lake age and
basin design. Van Geest et al. (2005) observed a shift in submersed vegetation
in lakes constructed on the lower Rhine River floodplain from desiccation-tolerant
to desiccation-sensitive taxa as lakes aged. They attributed this succession to
reduced sediment porosity in older lakes associated with organic matter
sedimentation, resulting in progressive lake isolation from groundwater and
ultimately to reduced water-level fluctuation.

The transition from desiccation-tolerant to desiccation-sensitive taxa was less
evident in phosphate lakes. Although Group F facultative wetland plants were
established immediately after lake creation, only part of the obligate wetland
plant Group E (Hydrilla, S.caroliniana, M. cerifera, Mikania) was introduced at
later time. The remaining plants from the water-demanding Group E (Typha, B.
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halimifolia) appeared concurrently with the desiccation-tolerant Group F (Fig.
2.3). Pore clogging, as a mechanism of isolation from groundwater interactions
could potentially be favored by great water-column productivity in phosphate
lakes. However, littoral sediment organic content did not differ significantly
among lake categories at either 0.5 m or 1.5 m. The combination of great surficial
dissolved oxygen (Chapter 1) and lack of macrophyte-derived decomposable
material keeps organic sediment content in phosphate lakes at very low levels.
However, incoming inorganic material resulting from bank settlement could
contribute to pore clogging. Additionally, it is possible that newly created
phosphate lakes interact with the aquifer through their complete bottom surface
that progressively clogs. Difference between deep-water sediment organic
content in phosphate lakes created in the 1970s and the 2000s approached
significance (P=0.062), being greater at the oldest lakes (Chapter 1).

Plant Community Composition as a Potential Indicator of Lake Succession
Temporal changes in both plant groupings and taxa richness suggest that littoral
and bank plant composition have potential for defining developmental trajectories
in phosphate lakes. Early lake stages are characterized predominantly by plants
from the facultative wetland plant Group F, secondarily by Group C (which
includes floating plants) and a few taxa from the obligate wetland plant Group E
(Table 2.3), whereas most taxa from Group E (Hydrilla, S. caroliniana, M.
cerifera, Mikania) are found in lakes of greater age (Fig. 2.3). The relative roles of
the two major plant Groups (E and F) could be further illuminated with a study of
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major taxa cover. The point where desiccation-sensitive/obligate wetland plants
(Group E) become dominant could potentially mark completion of early
developmental stages. In addition to lake ontogeny, the approach of monitoring
plant communities could also be useful in timely management of the potentially
invasive Hydrilla and Typha from Group E. Additional advantages of littoral plant
community indicators are low cost, ease of sampling and rapid data processing
time compared to analysis of benthic invertebrate communities, which were
found to be poor predictors of phosphate lake ontogeny (Chapter 1).

CONCLUSIONS

Littoral structure of Florida natural and phosphate lakes differs, because lakes
created on phosphate-mined lands do not develop submersed vegetation, with
few exceptions of lakes dominated by the non-indigenous Hydrilla verticillata.
However, phosphate lakes have littoral zones composed of emergent vegetation.
In terms of littoral vegetation community composition, plant taxa grow in groups
according to their hydrolologic designation. Littoral plant community development
in phosphate lakes is influenced by lake age and lake morphometry, but the
relative importance of these two components is not clear.
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CHAPTER 3
LITTORAL BENTHIC INVERTEBRATE COMMUNITIES OF LAKES
CREATED ON PHOSPHATE MINED LANDS OF CENTRAL
FLORIDA

INTRODUCTION

Phosphate mined in Florida accounts for approximately 25% of global production.
Strip mining is concentrated in a >1,200-km2 area of Central Florida, east and
southeast of Tampa Bay, with a secondary, smaller area in North Florida.
Although phosphate mining began in the late 1880s, it greatly intensified in the
1960s. Phosphate deposits are found as phosphate rock mixed with clay and
sand, approximately 5-10 m thick, buried under 4-5m of mineral overburden. Post
mining pits quickly fill with groundwater and become lakes or wetlands depending
on water depth (http://www1.fipr.state.fl.us/PhosphatePrimer).

The basin morphology of lakes created on mined lands has changed
considerably during the past 50 years, influenced by reclamation legislation,
intended lake use, available mining and reclamation technology, reclamation
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cost, and preferred basin design strategies at the time of lake construction. The
earliest lakes (finger or pit lakes) were linear, vertical sided, and deep, reflecting
where mining ended at a high wall cut. Such lakes were usually multiple parallel
pits separated by high spoil heaps and were either isolated features or displayed
some degree of interconnection. Whereas several became prized recreational
fishing sites, their steep banks were considered hazardous and prevented littoral
vegetation development. Voluntary lake reclamation efforts by mining companies
started in the early 1970s and focused on bank slope reduction of spoil material.

Phosphate-mined land reclamation became mandatory in 1975 (Florida
Administrative

Code

62C-16

http://www.dep.state.fl.us/legal/rules/mine/62c-

16.pdf). Rules were established to ensure that created lakes more closely
approached the structure, and therefore presumably the function, of natural lakes
of the region. Encouraging a variety of emergent plant habitats, a balance
between shallow and deep areas and a high ratio of shoreline length to lake
surface area, reclamation rules focused on basin slope and water-level
fluctuation to mimic conditions in natural lakes, with the assumption that resulting
flora and fauna communities would approximate natural systems in both structure
and ecosystem function.

Regarding the zone of water fluctuation, at least 25% of the high-water surface
area of created lakes must be a zone of annual fluctuation to encourage
emergent macrophytes and transitional vegetation, whereas 20% of the low-
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water surface area must be <6 feet (1.8 m) deep to facilitate submersed
macrophytes and fish bedding. Finally, a vegetated terrestrial buffer of 120 feet
(36.5 m), having a maximum slope of 3.3% was required around all water bodies.
Maximum slope of 25% was set for any reclaimed mined land.

Since implementation of mandatory reclamation rules in 1975, lake design has
gone through three general periods. Initially, lake design was tailored to meet
legislative criteria by individual mining companies, through modification of
pit/finger lakes. Because most mining companies had reclamation staff, lakes on
individual mining properties shared a common design. The second design period
was associated with creation of deeper lakes as phosphate removal efficiency
and effective mine depth increased. Currently, as the number of mining
companies has diminished and Florida reclamation rules (Florida Administrative
Code 62C-16) have been modified to allow shallow wetlands connected with the
lake to meet the 25% high-water habitat component, lake design has shifted to
shallow systems, with less extensive areas of contiguous littoral habitat.

The database for Florida phosphate lakes is limited to three limnological surveys
(Reid and Squibb 1971, Boody et al. 1985, Chapter 1), and one zooplankton
(Reid and Blake 1969) and one macrophyte investigation (Chapter 2). Most lakes
are eutrophic to hypertrophic, phytoplankton-dominated regardless of age, and
with the exception of some that are dominated by the exotic invasive Hydrilla
verticillata, lack a submersed macrophyte community. Many lakes are
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characterized by a band of emergent vegetation (Chapter 2). Absence or
reduced presence of macrophytes provides an opportunity to examine the role of
lake design on ecosystem structure and function. The current study assesses the
structural and functional differences of two nearshore depths, 0.5 and 1.5 m
corresponding to the habitats of emergent and submersed macrophytes,
respectively, relative to both sediment characteristics and benthic invertebrate
assemblages along lake age and design gradients.

METHODS

SITE DESCRIPTION
Sampled lakes are located east and southeast of Tampa Bay in the Central
Florida phosphate mining area. Thirteen lakes of variable design (area 4-121 ha,
maximum depth 3.0-9.7 m) and age (1-40 years old at time of sampling) were
selected (Table 2.1).

Three different littoral locations were chosen randomly in lakes with relatively
uniform littoral slope and vegetation. In lakes where littoral structure appeared
more diverse, locations were selected to represent a range of conditions.
Sediment samples were collected from each littoral location (0.5 m and 1.5 m
depths) once during the summer stratification period (April to October) of either
2008 or 2009. Water quality variables specific conductance, turbidity, pH,
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dissolved oxygen, Secchi depth, chlorophyll a concentration were measured
during multiple samplings during the summer stratification period (Chapter 1).
Surface water specific conductance, turbidity, pH and dissolved oxygen
represent the mean of values collected within the 0-1 m depth interval. The mean
values for the 1-2 m interval were calculated using data collected within that
stratum.

SLOPE
Slope was measured at all littoral sampling locations. Depth and distance from
the shore were measured multiple times along an axis approximately
perpendicular to the shore. Slope at each depth (0.5 m or 1.5 m) was calculated
as the mean slope of all the measurements taken between the shore edge and
the corresponding depth.

SEDIMENT PROPERTIES
Sediment properties were determined in cores of 7.0 cm diameter and 10 cm
depth that were stored frozen until analyzed. Organic matter of homogenized,
dried (105 oC, <24 hr) samples was determined by loss on ignition (550 oC for 2
hours, 2 mL subsamples) (Bengtsson and Enell 1986). Particle size distribution
was determined by dry sieving. A homogenized sediment volume of
approximately 250mL was dried for 24 hrs at 105oC. The dried sediment was
mildly ground with a pestle and sieved for 5 minutes in a Tyler RX-29 shaker
through a series of sieves (2 mm, 1 mm, 500 µm, 250 µm, 125 µm, 63 µm). The
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content of each sieve was weighed and the data were entered into the
GRADISTAT-Version 4.0 (S. Blott 2000), which classified sediments according to
the grain size distribution, and calculated mean particle size logarithmically using
the ɸ scale (ɸ=-log2(d), d=particle diameter in mm (Hakanson and Jansson
1983)).

BENTHIC INVERTEBRATES
Benthic Invertebrates were collected with core samplers at both depths of 0.5 m
(two cores of 5.1 cm diameter) and 1.5 m (one core of 7.0 cm diameter). All
invertebrate cores were >10 cm long. Cores were sieved (500 µm) and retained
material was preserved in ethanol. Once visually separated from the sediment,
benthic invertebrates were identified to genus under a dissecting microscope (8100x) (Daigle 1991, Epler 1996, Pescador et al. 2004, Thompson 2004). Acarina,
Hirudinea, Nematoda, and Oligochaeta were not identified to a finer taxonomic
level. Diptera were identified to the family level, except for Chironomidae, which
were mounted in CMC-10 medium and identified under a compound microscope
(50-400x) (Epler 1986). Subsampling was introduced when Chironomidae
surpassed 100 larvae per sample. Random grid dish squares were emptied until
at least 100 individuals were accumulated, and the taxonomic information was
extrapolated to the total number of Chironomids in the original sample.
Chaoboridae were excluded from total and relative abundance calculations.
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STATISTICAL PROCEDURES
Values for abiotic (slope, sediment organic content, grain size) and biotic (total
and group invertebrate abundances, relative abundances, and richness) were
compared between the two depths of 0.5 m and 1.5 m, using a paired t-test at
P=0.05. The same test was used to compare surface (0-1 m) and subsurface (12 m) water quality means for the summer stratification period. Relationships
between invertebrate variables and inorganic variables were explored with
forward stepwise regression. Invertebrate data for each sampling location were
correlated with the corresponding abiotic variables for the location (slope, organic
content, particle size), and the corresponding lake water quality values (Secchi
depth, chlorophyll a, specific conductance, turbidity, dissolved oxygen). The
surface (0-1 m) water quality data set was used for the 0.5 m depth regressions,
and the subsurface (1-2 m) for the 1.5 m depth regressions. Explanatory
independent variables were admitted to maximize the adjusted R value.

Benthic invertebrate metrics from phosphate lakes were compared with
corresponding values Lake Conway, a mesotrophic, macrophyte-dominated lake
of Central Florida. Data used (T. L. Crisman 1978, unpublished data) were
collected monthly at the depths of 1 m and 2 m during the April to October period
directly corresponding to the sampling period of the present study. Lake Conway
monthly benthic invertebrate variables for the depths of 1 m and 2 m were
compared using a paired t-test at P=0.05. Monthly taxa richness in Lake Conway
was calculated using the same taxa as for the phosphate lakes.
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Finally, benthic invertebrate variables were compared among three categories of
the examined phosphate lakes. Categories were assigned using submersed,
emergent and nearshore macrophyte communities (Chapter 2). Category means
were compared for similarity with a univariate linear model (one way ANOVA) at
P=0.05. Variance homogeneity was determined with the Levene’s statistic.
Homogeneous data sets were compared with the Tukey’s test, and nonhomogeneous with the Tamhane test to determine differences among location
categories. All analytical procedures used the SPSS statistical software.

RESULTS AND DISCUSSION

ABIOTIC VARIABLES
Stratification Patterns-Water Quality
As with natural Florida lakes (Beaver et al. 1981), shallow phosphate lakes
(zmax<5.5 m) are polymictic. Lakes exceeding 5.5 m stratify approximately from
April to October/November, and develop thermoclines at approximately 4 m.
Overall, phosphate lake water quality is comparable to urban natural lakes of the
region (Chapter 1). Summer (April to October) seasonal means for Secchi depth
and chlorophyll a ranged from 25-74 cm and 12.0-194.4 mg m-3, respectively.
Summer specific conductance and turbidity did not differ significantly between
surface (0-1 m: 0.104-1,369 mS cm-1, 4.8-32.1 NTU) and subsurface waters (1-2
m: 0.103-1.371 mS cm-1, 5.14-33.18 NTU). Surface (0-1 m) dissolved oxygen
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(7.8-12.7 mg L-1) was supersaturated (100-167%), and pH was alkaline (7.6-9.2).
Both variables declined significantly (P<0.001) within the top 2 m of the water
column, which exceeded Secchi depth (subsurface 1-2 m DO: 5.4-11.7 mg L-1;
71-151%, pH: 7.5-9.0), suggesting that phytoplankton production controls both
dissolved oxygen and pH within the epilimnion.

Basin Morphometry
Bank slope ranged from 2-62% at the depth of 0.5 m and from 2-41% at 1.5 m.
The threshold of 25% was exceeded in three locations, corresponding to three
different lakes built prior to the legislative guidelines. Intra-lake slope variability
ranged greatly from lakes with similar slopes lakewide to lakes with multiple
littoral structural types. Slope was moderately correlated with lake age (r=0.496,
P=0.001). Slope differed minimally between the depths of 0.5 m and 1.5 m,
reflecting structural homogeneity along the vertical littoral gradient for the
majority of the littoral locations.

Sediment Characteristics
Organic content was characterized by great intra-lake variability and extremely
low values at both depths (0.5 m: 0.42-4.74% dry weight; 1.5 m: 0.35-2.87% dry
weight), which was probably attributed to lack of vegetation and great oxygen
supply facilitating decomposition. Although most sites had greater organic matter
at 1.5 m, the difference was not significant. Sediment organic matter displayed
no discernible trend relative to lake age (r=0.155, P=0.172), and correlated
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weakly with bank slope (r=0.277, P=0.044). organic content and bank slope
(r=0.277, P=0.04).

The dominant grain size at both depths was sand (0.5 m: 94.1-100.0%; 1.5 m
95.6-99.9%), whereas small-sized particles represented only a small percentage
of the top 10 cm of sediment. The most common sediment characterization was
medium sand, followed by fine sand (0.5 m: 21 medium sand, 16 fine sand, 2
very coarse sand; 1.5 m: 23 medium sand, 15 fine sand, 1 very coarse sand).
Poorly sorted samples prevailed at 0.5 m, while the majority of the cores from 1.5
m were moderately sorted (0.5 m sorting: 23 poorly, 14 moderately, 2 moderately
well; 1.5 m sorting: 16 poorly, 21 moderately, 2 moderately well). Mean grain size
ranged from fine to medium sand with only two exceptions of greater sand size
(0.5 m: median ɸ 0.181-2.276, mean ɸ 0.429-2.212; 1.5 m: median ɸ (–0.006)2.541, mean ɸ 0.601-2.518). Mean particle size did not differ between the depths
of 0.5 m and 1.5 m, and displayed small intra-lake variability with few exceptions.
Particle size and distribution displayed no apparent pattern along the lake age
gradient (mean ɸ R=0.189, P=0.125).

BENTHIC INVERTEBRATES
Total Abundance
Total benthic invertebrate abundance among littoral locations ranged from 6216,263 individuals m-2 at the depth 0.5 m and from 0-26,941 individuals m-2 at 1.5
m, with just one location at 1.5 m having no invertebrates. Total abundance did
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not differ between the two depths, and intra-lake variance was high in most
cases. Comparable to the distribution described in Chapter 1, total invertebrate
abundance was low in early successional stages (lakes <10 years old) (0.5 m:
62-3,887 individuals m-2; 1.5 m: 0-2,990 individuals m-2), and progressed
unpredictably with advancing lake age either remaining at the initial low levels or
increasing considerably (Fig. 3.1).
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Taxa Richness
Taxa richness varied greatly at both depths (0.5 m: 1-19 taxa; 1.5 m: 0-15 taxa)
and displayed great intra-lake variability especially at the depth of 0.5 m (Fig.
3.1). Taxa richness was higher at the depth of 0.5 m (P=0.002), which was
attributed to groups other than Chironomidae, because Chironomidae taxa
richness did not differ between the two depths. Besides Oligochaeta and
Gastropoda, frequently encountered groups (>9 locations) at 0.5 m were
Ephemeroptera,

Trichoptera,

Ceratopogonidae

and

Amphipoda

(Hyalella

azteca). However, at the depth of 1.5 m, Ceratopogonidae was the only
frequently

encountered

group

besides

Chironomidae,

Oligochaeta

and

Gastropoda.

Major Groups
Chironomidae abundance followed closely total invertebrate abundance in most
locations, being lowest at newly created lakes and displaying great variability at
both depths. Chironomidae occupied 34 locations at 0.5 m (0-13,425 individuals
m-2) and 34 locations at 1.5 m (0-23,235 individuals m-2), but abundances did not
differ between the two depths, and intra-lake variance was great (Fig. 3.1).

Oligochaeta abundance displayed great intra-lake variance and did not differ
between the two depths. Oligochaeta were found at 28 locations at the depth of
0.5 m (0-2,345 individuals m-2) and 29 locations at 1.5 m (0-14,949 individuals m2

). Maximum abundance was about 5x greater than the next highest value and
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occurred at a location of extended littoral wetland and mild slope in Lake HPLP2
(1.5 m). Oligochaeta displayed no apparent trend with lake age or slope (Fig.
3.2).

Gastropoda were present at 18 locations at 0.5 m (0-5,430 inviduals m-2), and 10
locations at 1.5 m (0-715 individuals m-2). Abundance differences between the
two depths approached significance (P=0.059), with greatest numbers at the
shallower depth, while intralake variance was great. The most frequently
encountered families at 0.5 m were Planorbidae (4 taxa) and Thiaridae
(Melanoides sp.), whereas Hydrobiidae and Physidae were rare. At 1.5 m,
Thiaridae was the most frequently encountered taxon, but frequency for the
remaining families (Planorbidae, Physidae, Hydrobiidae, Limnaeidae) were only
minimally lower. Gastropoda were prevalent among lakes constructed in the
2000s, occasionally present in lakes built in the 1990s and 1980s and absent in
lakes created in the 1970s (Fig. 3.2). Gastropoda were not hindered by great
slope (mean 20%) in Lake HPHP4, so their absence from the oldest lakes could
be attributed to either succession or great water-level fluctuations.
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Benthic invertebrates other than Chironomidae, Oligochaeta and Gastropoda
were found in 30 locations at 0.5 m (0-9,873 inviduals m-2) and 23 locations at
1.5 m (0-1,495) (Fig. 3.2). Abundance of these groups collectively was greater at
the depth of 0.5 m, which was preferred by all invertebrate groups included. The
most frequently encountered group was Ceratopogonidae (0.5 m: 20 locations, 02,838 individuals m-2; 1.5 m: 14 locations, 0-975 individuals m-2), which also
dominated lake PicNic (Fig. 3.2). Diptera pupae were encountered at 13
locations at 0.5 m (0-370 individuals m-2) and 7 locations at 1.5 m (0-260
individuals m-2). The most frequently encountered non-dipteran insects were
Ephemeroptera (0.5 m: 15 locations, 0-7,034 individuals m-2; 1.5 m: 7 locations,
0-390 individuals m-2), Odonata (0.5 m: 12 locations, 0-555 individuals m-2; 1.5
m: 2 locations, 0-130 individuals m-2), Trichoptera (0.5 m: 11 locations, 0-309
individuals m-2; 1.5 m: 4 locations, 0-130 individuals m-2), and were joined by
Amphipoda (Hyalella azteca) (0.5 m: 11 locations, 0-3,147 individuals m-2; 1.5 m:
3 locations, 0-845 individuals m-2). Odonata and Trichoptera abundances were
significantly greater at 0.5 m depth in comparison to the deeper one. Coleoptera,
Nematoda and Hirudinea were found at 6 locations, whereas Hemiptera, and
Arachnida were encountered at 4 locations or less (0.5 m). Intra-lake variance
was great at all times, and no relationship with lake age or design gradients were
apparent.
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Benthic Invertebrate Communities Composition
Relative abundances of Chironomidae (0.5 m: 0-100.0%: 1.5 m: 0-100.0%),
Oligochaeta (0.5 m: 0-80.0%; 1.5 m: 0-100.0%) and Gastropoda (0.5 m: 0100.0%; 1.5 m: 0-100%) did not differ between the two depths, but relative
abundance of the remaining invertebrates was significantly greater at 0.5 m
depth (0.5 m: 0-18.8%, 1.5 m: 0-68.4%). Intra-lake variance was great in most
cases. The group of invertebrates other than Chironomidae, Oligochaeta, and
Gastropoda was more important among lakes created prior to 1980 (Fig. 3.2).
Relative abundances of individual groups within the remaining invertebrates
cluster did not differ between the two depths, with the exception of Odonata that
represented greater part of the invertebrate abundance at 0.5 m.

Chironomidae dominated most locations at the depth of 0.5 m (21 locations,
38.2-100.0%), which represented 10 lakes and excluded the 3 youngest ones.
Gastropoda dominated 8 locations (26.9-100.0%) at the same depth, 7 of which
were found in the newly created lakes (LPC11, FGHC8, PCHB4), and 1 in
somewhat older Lake Wise. Oligochaeta were the most populous group in 6
locations (46.2-80.0%), in lakes built after 1980. The remaining dominant groups
were Ceratopogonidae (2 locations, 56.4-69.7%), Amphipoda (1 location,
45.9%), and Ephemeroptera (1 location, 43.8%), and all corresponding locations
were in lakes constructed prior to 1980. Thus, the depth of 0.5 m was dominated
by Chironomidae, while Gastropoda prevailed in newly created lakes, especially
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in the absence of the dominant groups, and Oligochaeta and less populous
groups were able to become dominant only in the older lakes (Fig. 3.2).

At the depth of 1.5 m Chironomidae were dominant at 20 locations (29.4-100.0%)
from 12 lakes, Lake FGHC8 being the exception. Oligochaeta (53.7-100.0%)
dominated 11 locations from 8 lakes across the age gradient. Gastropoda were
dominant in 4 locations (42.1-100.0) from 3 lakes created after 1980, and
Amphipoda dominated 1 location (68.4%) in Lake Homeland, built prior to 1975.
Two locations had equal relative abundances of either Chironomidae and
Oligochaeta or Chironomidae and Gastropoda, and finally a location in the newly
built lake FGHC8 had no invertebrates at all. Thus, the depth of 1.5 m was
mostly dominated by Chironomidae, while other group dominance was rather
sporadic (Fig. 3.2).

Chironomidae Groups
Tribe Chironomini (0.5 m: 32 locations, 0-13,288 individuals m-2; 1.5 m: 33
locations, 0-23,024 individuals m-2) of the Chironominae subfamily was the most
populous among Chironomidae. Intra-lake variability was great and abundance
did not differ between the two littoral depths. Chironomini density was low in
newly created lakes and remained the same or increased unpredictably with lake
age, similar to total invertebrate and Chironomidae abundances (Fig. 3.3).
Among the 15 different genera encountered, presence-absence differences
between the two littoral depths (0.5 m: 12 genera; 1.5 m: 13 genera) were
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confined to rare taxa. The most dominant and frequently encountered genera at
both depths were Glyptotendipes and Goeldichironomus, the latter being
relatively less abundant at 1.5 m. Both genera are commonly found in central
Florida lakes and wetlands, and their great density and multivoltine emergence
patterns constitute them nuisance, although they are not known to host human
pathogens (Ali 1995, Ali et al. 2002, Lobinske et al. 2002, Ali et al 2008). At the
depth of 0.5 m, important genera in order of descending occurrence were
Endochironomus, Parachironomus, Chironomus and Cryptochironomus, while
the

corresponding

list

for

1.5

m

were

Chironomus,

Polypedilum,

Cryptochironomus and Parachironomus.

Tribe Tanytarsini (0.5 m: 15 locations, 0-1,172 individuals m-2; 1.5 m: 8 locations,
0-6,557 individuals m-2) of the Chironominae subfamily was represented solely by
the genus Tanytarsus. Tanytarsini abundance did not differ between the two
littoral depths (Fig. 3.3).

Subfamily Orthocladiinae was very rare (0.5 m: 3 locations, 0-128 individuals m-2;
1.5 m: 3 locations, 0-130 individuals m-2). They were represented by only two
genera: near Cricotopus, and Nanocladius, the latter encountered only once at
the shallowest depth (Fig. 3.3).

105

106

Subfamily Tanypodinae (0.5 m: 11 locations, 0-309 individuals m-2; 1.5 m: 8
locations, 0-325 individuals m-2) was represented by 7 genera and abundance
did not differ between the depths of 0.5 m and 1.5 m. Intra-lake variance was
great and no apparent trend relative to lake age or design was observed (Fig.
3.3). At the depth of 0.5 m all 7 genera were present, while the most frequently
encountered was Labrundinia, followed by Larsia, Monolepia and Procladius.
Only 3 Tanypodinae genera were found at the depth of 1.5 m. Procladius was
the most populous and frequently encountered, while Larsia and Tanypus were
each encountered once.

Chironomidae taxa richness did not differ between the two depths (0.5 m: 0-9
taxa; 1.5 m: 0-9 taxa). Although there was no discernible trend along the age
gradient, greatest Chironomidae taxa richness occurred in lakes over 20 years
old (Fig. 3.1).

Benthic Invertebrates Versus Abiotic Characteristics
Variance in invertebrate metrics was poorly to moderately predicted by forward
stepwise regression models, despite the great number of explanatory abiotic
variables used (slope, sediment organic content, particle size, Secchi, chlorophyll
a, specific conductance, turbidity, dissolved oxygen, lake age) (Table 3.1). Total
abundance at 0.5 m was mostly associated with lake age (18%), attributed to the
low invertebrate density among newly created lakes and Secchi depth (16%).
However, 1.5 m depth the greatest contributor to total abundance was slope
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(22%), favoring steep banks, and followed by Secchi (11%) (Table 3.2). Overall,
the single parameter found to correlate consistently, albeit inversely with littoral
benthic invertebrate abundance was Secchi depth, also supported by findings in
Chapter 1. Taxa richness was explained by lake age at both depths, but the
relationship was stronger at 0.5 m. At the same depth, richness was inversely
related to slope and turbidity (Tables 3.1 and 3.2).

Chironomidae abundance regression models followed closely the total benthic
abundance models with increased importance of slope (40%) at 1.5 m (Tables
3.1, 3.2). Abundance of invertebrates other than Chironomidae, Oligochaeta, and
Gastropoda was also associated with lake age (0.5 m: 28%, 1.5 m: 11%),
whereas the correlation with slope at 0.5 m was inverse. Oligochaeta abundance
was explained poorly by abiotic parameters, being favored by dissolved oxygen
(5%) and sediment organic content (4%) at 0.5 m, and chlorophyll a (9%) at
1.5m, while correlating inversely to conductance (8%) and turbidity (6%) at 1.5 m.

Gastropoda were associated with increased specific conductance at both depths,
but the relationship was stronger at 0.5 m. At the depth 1.5 m depth, no variable
was hindering Gastropoda abundance considerably, whereas turbidity was also
found to contribute to variance (Tables 3.1 and 3.2).
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Forward stepwise regression models for relative abundance produced few
notable relationships, the most important of which was the role of dissolved
oxygen at 1.5 m, in increasing the relative abundance of invertebrates other than
Chironomidae, Oligochaeta, Gastropoda (22%), but also for Oligochaeta (8%)
and Gastropoda (6%). Additionally, the inverse correlation between lake age and
Gastropoda populations was emphasized especially at the depth of 0.5 m, at the
same time lake age favored relative abundance of invertebrates other than
Chironomidae, Oligochaeta and Gastropoda (Tables 3.1 and 3.2).
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Relationships between Macrophytes and Benthic Invertebrates
Although vegetated littoral zones enhance benthic invertebrate communities by
providing habitat, refugia from predation and food (James et al. 1998,
Weatherhead and James 2001, Tarkowska-Kukuryk and Kornijow 2008,
Takamura et al. 2009), few phosphate lakes support submersed vegetation
(Chapter 2). Lake Conway (zmax >8m), a natural, mesotrophic, submersed
macrophyte-dominated system in Orlando was selected for invertebrate
community comparisons, due to proximity to the phosphate mining region,
morphometric

similarity to stratifying phosphate lakes

and

macrophyte

dominance. Although Lake Conway invertebrate abundance ranges (1 m:
15,543-28,261 individuals m-2, mean: 16,964 individuals m-2; 2 m: 6,478-15,652
individuals m-2, mean: 10,693 individuals m-2) partially overlapped those of
phosphate lakes, total invertebrate abundances at most phosphate littoral
locations were smaller than the seasonal mean for the corresponding depth in
Lake Conway. Contrary to phosphate lakes, invertebrate abundances in Lake
Conway differed significantly between 1 m and 2 m, with greatest number in
shallower water. Taxa richness was also significantly greater at the shallower
depth (1 m: 15-22 taxa, 2 m: 13-17 taxa), and greater than phosphate lake
richness with very few exceptions. Community composition in submersedmacrophyte-dominated Lake Conway was overwhelmingly dominated by
Oligochaeta at both depths (1 m and 2 m). Other common groups were
Chironomidae,

Amphipoda

(Hyalella

azteca),

Platyhelminthes

(Dugesia),

whereas Gastropoda, Trichoptera, Ephemeroptera, Odonata, and Hemiptera
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were

rare.

Dominant

Chironomidae

genera

were

Polypedilum,

and

Cladotanytarsus, followed by Dicrotendipes.

Benthic invertebrate communities of Lake Conway and phosphate lakes differed
greatly both in terms of density and composition, but attributing such differences
to the presence of macrophytes was not clear. Macrophyte density was
quantified for Lake Conway and contributed only 5-8% to the variability of total
invertebrate and several of the major group densities (Johnson 2002). In
contrast, the most important parameter contributing to total abundance and major
group variability was dissolved oxygen (15-30%) followed by sediment organic
content (5-23%) (Johnson 2002), both variables largely insignificant in the
regression models for phosphate lakes (Table 1). Additionally, total abundance in
Lake Conway decreased sharply below the DO threshold of 6 mg L-1. The
difference in the contribution of sediment organic content could be explained by
the mainly organic nature of Lake Conway’s littoral sediment (59-65% dry
weight), which was an order of magnitude greater than phosphate lakes. Benthic
invertebrate parameters in phosphate lakes were rarely impacted by dissolved
oxygen, whereas invertebrate density at DO <6 mg L-1 was within the range of
greater DO concentrations. However, dissolved oxygen in the littoral zone of
phosphate lakes rarely fell below 6 mg L-1, and was near or frequently exceeded
the higher end of the Lake Conway range.
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The relationship between macrophytes and benthic invertebrates in the
examined phosphate lakes was further investigated based on the littoral location
classification into three distinct categories according to submersed, emergent,
and nearshore macrophytes (Chapter 2). The first category (I) comprised shallow
lakes <10 years old, dominated by vegetation of several water requirements but
mostly facultative wetland plants. The second category (II) consisted of lakes >30
years old with deep holes (>4.5 m) covering limited part of total surface and
strong affinity for facultative wetland plants. Finally, the third category (III)
comprised intermediate-age, stratifying lakes with great volume and preference
for obligate wetland plants. The relative effect of lake age and lake design on the
development of the corresponding vegetation communities was not clear.

Benthic invertebrate parameters displayed very little variation among lake
categories. Total invertebrate density, invertebrate groups (Chironomidae,
Oligochaeta,

Gastropoda,

Nematoda,

Trichoptera,

Odonata,

Coleoptera,

Hemiptera, and Ephemeroptera), and Chironomidae group (Chironomini,
Tanytarsini, Tanypodinae, Orthocladiinae) densities and relative abundances did
not differ significantly among lake categories at any of the examined depths (0.5
m, and 1.5 m). Invertebrate and Chironomidae richness differed significantly
among lake categories only at the depth of 0.5 m (Anova P=0.042 and P=0.030
respectively), whereas dissolved oxygen was the most likely reason for low
invertebrate colonization at 1.5 m. At the shallowest depth, Category II lakes
displayed the greatest mean invertebrate (9.77 taxa) and Chironomidae (4.54
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taxa) richness, in comparison to the smallest in Category I (invertebrate mean
6.00 taxa, P=0.064, Chironomidae mean 2.3 taxa, P=0.049), and the
intermediate richness in Category III (invertebrate mean 6.76 taxa, P=0.087;
Chironomidae mean 2.76 taxa, P=0.065).

CONCLUSIONS

Florida law mandates that phosphate lake littoral zones consist of two parts,
emergent and submersed vegetation, and the law provides detailed guidelines
for the construction of this littoral structural organization. Failure to develop native
submersed macrophyte communities, however, did not limit benthos numbers at
the deeper part of the phosphate littoral zone (1.5 m), which did not differ from
the shallow part (0.5 m) productivity. Littoral benthic density was generally
greater in the macrophyte-dominated Lake Conway, which is largely an oxygencontrolled system. Macrophytes supply both oxygen and great quantities of
stationary organic matter that subsequently consumes epilimnetic oxygen in
decomposition. Despite acting as a food source and refugium, macrophytes per
se had limited contribution to benthos density (Johnson 2002). In contrast to
Lake Conway, macrophyte derived organic matter absence in combination with
great dissolved oxygen availability in phosphate lakes appeared to keep
sediment organic content low, thus providing coherent structured habitat which
enhances benthos abundance (Warwick 1980, Moss and Timms 1989, Lobinske
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et al. 2007). Lake Conway also displayed greater taxa richness than most
phosphate lakes, but this richness was attributed to increased Chironomidae taxa
with the addition of Amphipoda and Platyhelminthes, whereas phosphate lake
taxa were enriched by insect groups (Trichoptera, Ephemeroptera, Odonata,
Ceratopogonidae).

Phosphate lake taxa richness was greater at 0.5 m, which signifies the
importance of the shallower, frequently vegetated (emergent macrophytes) part
of the littoral zone. However, the group mostly responsible for increased taxa
richness at 0.5 m (invertebrates other than Chironomidae, Oligochaeta,
Gastropoda) was hindered to some extend at 1.5 m by decreased (in relation to
the surface water stratum) dissolved oxygen (Table 1), which derived from
phytoplankton production as opposed to macrophytes.

Besides macrophytes, the relative importance of lake age and lake design on
benthic abundance and community composition was also complex. Strangely,
lake age explained most total abundance at 0.5 m and lake design (slope) at 1.5
m. The effect of the latter was most pronounced at 1.5 m Chironomidae
abundance, where slope accounted for 40% of the variability. Lake age appeared
frequently as a regression component in both depths, but was most determining
in increasing richness and abundance of invertebrates other than Chironomidae,
Oligochaeta and Gastropoda at 0.5 m (Tables 3.1 and 3.2).
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